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ABSTRACT
NANOSCALE DEFORMATION MECHANISMS IN BULK HEXAGONAL
HYDROXYAPATITE AND EFFECT OF DEFECTS ON
MECHANICAL PROPERTIES
Alexander D. Snyder, MS

Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Iman Salehinia, Director

The use of hydroxyapatite (HAP) as a bioactive scaffold and implant coating material has
grown with recent advances in tissue engineering and biomaterial design. It is known that
computational material design via hierarchical structuring offers reduced cost and increased
material performance. The goal of understanding material behavior and underlying causes across
multiple time and length scales offers distinct advantages over traditional experimental material
processing and analysis at each scale. To date, no work has been performed which specifically
addresses the nanoscale deformation mechanisms of bulk hydroxyapatite or the effects of
common defects on its mechanical behavior. Molecular dynamics (MD) simulations were
conducted in LAMMPS with OVITO for post-processing to determine the involvement of bond
species in different loading cases. The effects of strain rate, temperature, vacancy pairs, and
porosity on the mechanical properties of the crystal were also qualified.

NORTHERN ILLINOIS UNIVERSITY
DEKALB, ILLINOIS
AUGUST 2017

NANOSCALE DEFORMATION MECHANISMS IN BULK HEXAGONAL
HYDROXYAPATITE AND EFFECT OF DEFECTS ON
MECHANICAL PROPERTIES
BY

ALEXANDER D. SNYDER
©2017 Alexander D. Snyder

A THESIS SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE

MASTER OF SCIENCE
DEPARTMENT OF MECHANICAL ENGINEERING
Thesis Director:

Iman Salehinia

ACKNOWLEDGEMENTS
I offer a special thanks to Dr. Iman Salehinia, without whose guidance and patience this
work would not have been possible. The personal mentorship that I received from Iman was
invaluable, and the knowledge and skills he has helped me gain reach far beyond this project.
I would also like to thank Dave Ulrick, John Winans, and all of the Gaea support staff.
Their helpfulness and relentless dedication to maintaining the NIU supercomputer cluster
allowed this work to encompass a large body of data and achieve significant depth.
Thank you to the Department of Mechanical Engineering, which has provided me with
research and teaching assistantship positions throughout my time here. Thank you also to the
faculty and staff, with whom I have forged many meaningful relationships. I would like to
specifically thank Dr. John Shelton and Dr. Sahar Vahabzadeh, who served as members of my
thesis committee and helped me develop this work through their advice and insight.
I offer sincere gratitude to Dr. Jason Patrick and Anthony Griffin for their continued
friendship and support. Thank you also to Dr. Anthony Coppola. These men first showed me
what pursuing graduate school could offer me and set the standard for who I hope to someday be
as a scientist, researcher, and engineer.
I am especially grateful to my mother, Lynn, and my father, Douglas. Without their
lifelong guidance and support, I would likely not have come this far. I love both of you from the
bottom of my heart.
Thank you to all of my family, friends, and mentors not explicitly named here. In one
way or another, I would not be here without each and every one of you.

TABLE OF CONTENTS
LIST OF TABLES ...................................................................................................................... vi
LIST OF FIGURES .................................................................................................................. vii
NOMENCLATURE ................................................................................................................. xvi
CHAPTER 1: INTRODUCTION ................................................................................................ 1
1.1 RESEARCH MOTIVATION ...................................................................................................... 1

1.2 LITERATURE REVIEW ........................................................................................................... 2
1.3 OVERVIEW OF MD ............................................................................................................. 12
CHAPTER 2: MODELING AND COMPUTATIONAL METHODS .................................. 14
2.1 HAP BASE MODEL FOR SIMULATIONS ............................................................................... 14
2.2 HAP MODEL WITH DEFECTS ............................................................................................... 19
2.3 CHOICE OF POTENTIAL ......................................................................................................... 20
2.4 MOLECULAR DYNAMICS SIMULATIONS ............................................................................... 21
2.4.1

Common Features of all Simulations........................................................................ 21

2.4.2

Simulations for Model Verification .......................................................................... 22

2.4.3 Simulations for Mechanical Loading ........................................................................... 22

iv
2.5 MODEL VERIFICATION ......................................................................................................... 23
CHAPTER 3: OBJECTIVE AND RESEARCH QUESTIONS ............................................. 31
CHAPTER 4: RESULTS AND DISCUSSION ........................................................................ 32
4.1 DEFORMATION MECHANISMS IN PERFECT MONOCRYSTALLINE HAP .................................. 32
4.1.1 Deformation Mechanisms in Uniaxial Tension ........................................................... 32
4.1.2. Deformation Mechanisms in Uniaxial Compression .................................................. 59
4.1.3: Deformation Mechanisms in Uniplanar Shear............................................................ 84
4.2 EFFECT OF TEMPERATURE ON MECHANICAL PROPERTIES OF PERFECT
MONOCRYSTALLINE HAP........................................................................................................ 106
4.2.1

Effect of Temperature on Tensile Mechanical Properties ...................................... 106

4.2.2

Effect of Temperature on Compressive Mechanical Properties ............................. 108

4.2.3

Effect of Temperature on Mechanical Properties in Shear ..................................... 109

4.3 EFFECT OF STRAIN RATE ON MECHANICAL PROPERTIES OF PERFECT
MONOCRYSTALLINE HAP........................................................................................................ 110
4.3.1

Effect of Strain Rate on Tensile Mechanical Properties ......................................... 110

4.3.2

Effect of Strain Rate on Compressive Mechanical Properties ................................ 112

4.3.3

Effect of Strain Rate on Mechanical Properties in Shear ....................................... 114

4.4 EFFECT OF VACANCY ON MECHANICAL PROPERTIES OF MONOCRYSTALLINE HAP ........ 115

v
4.4.1 Effect of Vacancies on Mechanical Properties of HAP in Tension ........................... 116
4.4.2 Effect of Vacancies on Mechanical Properties of HAP in Compression................... 119
4.4.3 Effect of Vacancies on Mechanical Properties of HAP in Shear............................... 121
4.5 EFFECT OF SPHERICAL PORE ON MECHANICAL PROPERTIES OF
MONOCRYSTALLINE HAP........................................................................................................ 124
CHAPTER 5: FUTURE WORK ............................................................................................. 133
CHAPTER 6: CONCLUSION................................................................................................. 135
REFERENCES .......................................................................................................................... 137
APPENDIX ................................................................................................................................ 141
SAMPLE LAMMPS INPUT FILE OF 44 ATOMS ................................................................ 141
LAMMPS CODE FOR BULK MODULUS CALCULATION .............................................. 145
LAMMPS CODE FOR TENSION/COMPRESSION ............................................................ 150
LAMMPS CODE FOR SHEAR ............................................................................................. 153

LIST OF TABLES
Table

Page

Table 1: The bond species present in HAP, presented with their equilibrium lengths and bond
type [18], [17]................................................................................................................................ 17
Table 2: Elastic constants and bulk modulus values for HAP from different force
fields/experimental data. ............................................................................................................... 26
Table 3: Measured lattice parameters for ideal and simulated HAP crystals. .............................. 29

LIST OF FIGURES
Figure

Page

Figure 1: The characteristic orientation of mineralized collagen molecules within a bone ........... 3
Figure 2: The hierarchical structure of natural bone, showing macroscale bone tissue broken
down into its constituents................................................................................................................ 4
Figure 3: Crystalline lattice of HAP along the a-b plane. ............................................................. 14
Figure 4: Four unit cells of HAP on the {001} plane, with contributing atoms to Ca(I)
polyhedra labeled. ......................................................................................................................... 15
Figure 5: Four unit cells of HAP on the {001} plane, with contributing atoms to Ca(II)
polyhedra labeled. ......................................................................................................................... 16
Figure 6: The shape of the a). phosphate tetrahedron b). Ca(I) polyhedron and c). Ca(II)
polyhedron. [17] ............................................................................................................................ 16
Figure 7: Variation of the specific potential energy vs the specific volume at 10 K. The solid
curve shows a quadratic polynomial fit to the data....................................................................... 25
Figure 8: Variation of the specific potential energy vs the specific volume at 10 K. . ................. 25
Figure 9: The relationship between elastic stress and strain used to compute C 11. ...................... 27
Figure 10: The relationship between elastic stress and strain used to compute C 22. .................... 28
Figure 11: The relationship between elastic stress and strain used to compute C 33. .................... 28
Figure 12: The stress-strain relationships for the perfect HAP crystal loading in uniaxial
tension along the x, y, and z axes at 10K. ..................................................................................... 33

viii

Figure 13: The stress-strain curve for HAP in x-direction uniaxial tension. ................................ 34
Figure 14: Shear strain in the HAP structure under uniaxial x tension. ....................................... 35
Figure 15: Images of covalently bonded species at points of interest for x-direction uniaxial
tension. .......................................................................................................................................... 36
Figure 16: Images of Ca(I) ionically bonded species and Ca(II)-OH species at points of
interest for x-direction uniaxial tension. ....................................................................................... 37
Figure 17: Images of Ca(II) ionically bonded species at points of interest for x-direction
uniaxial tension. ............................................................................................................................ 38
Figure 18: The Ca(II)-OH bonds present around a hydroxyl channel in the fracture zone
prior to application of uniaxial x tension. ..................................................................................... 40
Figure 19: The Ca(II)-OH bonds around the same hydroxyl channel as in Fig. 18 just
prior to the inception of failure. Loss of bond density can be seen in the circled areas. .............. 41
Figure 20: The Ca(II)-OH bonds as shown in Fig 18 and 19, visualized just prior to the
inception of failure in the XZ plane. ............................................................................................. 41
Figure 21: Ca(II)-O(I) bonds surrounding a hydroxyl channel in the fracture zone prior to the
application of uniaxial x tension. .................................................................................................. 42
Figure 22: The Ca(II)-O(I) bonds as in Fig.21 prior to the inception of failure. .......................... 43
Figure 23: The stress/strain curve for HAP in y-direction uniaxial tension. ................................ 44
Figure 24: Shear strain in the HAP structure under uniaxial y tension. ....................................... 45
Figure 25: Images of covalently bonded species at points of interest for y-direction uniaxial
tension. .......................................................................................................................................... 46

ix

Figure 26: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest
for y-direction uniaxial tension. .................................................................................................... 47
Figure 27: Images of Ca(II) ionically bonded species at points of interest for y-direction
uniaxial tension. ............................................................................................................................ 48
Figure 28: The Ca(II)-O(II) bonds around a hydroxyl channel in the fracture zone prior to the
application of uniaxial y tension. .................................................................................................. 50
Figure 29: The Ca(II)-O(II) groups as in Fig. 28 at the inception of failure. .............................. 50
Figure 30: The stress/strain curve for HAP in z-direction uniaxial tension. ................................ 51
Figure 31: Shear strain in the HAP structure under uniaxial z tension......................................... 53
Figure 32: Images of covalently bonded species at points of interest for z-direction uniaxial
tension. .......................................................................................................................................... 54
Figure 33: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for zdirection uniaxial tension. ............................................................................................................. 56
Figure 34: Images of Ca(II) ionically bonded species at points of interest for z-direction
uniaxial tension. ............................................................................................................................ 57
Figure 35: The stress-strain relationships for the perfect HAP crystal loading in uniaxial
compression along the x, y, and z axes at 10K. ............................................................................ 59
Figure 36: The stress/strain curve for HAP in x-direction uniaxial compression......................... 60
Figure 37: Shear strain in the HAP structure under uniaxial x compression. ............................... 61

x

Figure 38: The Ca(II)-O(III) groups surrounding a hydroxyl group in the fracture zone
prior to application of any x compressive strain. .......................................................................... 63
Figure 39: The Ca(II)-O(III) groups from Fig. 35 at an applied x compressive strain of
0.075.............................................................................................................................................. 63
Figure 40: The Ca(II)-O(III) groups from Fig. 38-39 at an applied x compressive strain of
0.135.............................................................................................................................................. 64
Figure 41: The atomic shear strain (excluding hydroxyl groups) for the HAP crystal in
uniaxial x-compression at an applied strain of 0.10. .................................................................... 65
Figure 42: The 3 phosphate groups surrounding a Ca(I) atom at an applied x compressive
strain of 0.11. ................................................................................................................................ 66
Figure 43: The phosphate groups as in Fig. 39 at an applied x compressive strain of 0.13. ........ 66
Figure 44: Phosphate groups as in Fig. 39-40 at the inception of failure. .................................... 67
Figure 45: Shear bands visible in uniaxial x-compression using atomic strain. ........................... 68
Figure 46: The stress/strain curve for HAP in y-direction uniaxial compression......................... 69
Figure 47: Shear strain in the HAP structure under uniaxial y compression. ............................... 70
Figure 48: Atomic shear strain image of Ca(II) sites, hydroxyl oxygens, and surrounding
phosphates. .................................................................................................................................... 71
Figure 49: Shear bands visible in uniaxial y-compression using atomic strain. ........................... 72
Figure 50: The stress/strain curve for HAP in z-direction uniaxial compression. ........................ 73
Figure 51: Shear strain in the HAP structure under uniaxial z compression. ............................... 74

xi

Figure 52: The shorter Ca(II)-O(III) bond species prior to any applied z compressive
strain.............................................................................................................................................. 75
Figure 53: The shorter Ca(II)-O(III) bond species at an applied z compressive strain of
0.055.............................................................................................................................................. 76
Figure 54: The Ca(I)-O(I) bond species prior to applied z compressive strain. ........................... 77
Figure 55: The Ca(I)-O(I) bond species at the inception of failure. ............................................. 77
Figure 56: The Ca(I)-O(II) bond species prior to applied z compressive strain. .......................... 78
Figure 57: The Ca(I)-O(II) bond species at the inception of failure. ............................................ 78
Figure 58: The longer Ca(II)-O(III) bond species prior to any applied z compressive
strain .............................................................................................................................................. 79
Figure 59: The longer Ca(II)-O(III) bond species at the inception of failure. .............................. 80
Figure 60: The XZ plane of the HAP crystal prior to any applied z compressive strain. ............. 81
Figure 61: The XZ plane of the HAP crystal at the inception of failure ...................................... 81
Figure 62: Catastrophic crystal failure resulting from coulombic repulsion between the
layers of atom which became too close. ....................................................................................... 82
Figure 63: HAP crystal after failure in uniaxial z compression. No distinct shear bands are
visible. ........................................................................................................................................... 83
Figure 64: The stress-strain relationships for the perfect HAP crystal loading in uniplanar
shear in XY, XZ, and YZ at 10K. ................................................................................................. 84

xii

Figure 65: The stress/strain curve for HAP in XY uniplanar shear. ............................................. 85
Figure 66: Shear strain in the HAP structure under uniplanar XY shear...................................... 86
Figure 67: Images of covalently bonded species at points of interest for XY uniplanar
shear. ............................................................................................................................................. 87
Figure 68: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest
for XY uniplanar shear.................................................................................................................. 89
Figure 69: Images of Ca(II) ionically bonded species at points of interest for XY
uniplanar shear. ............................................................................................................................. 90
Figure 70: The stress/strain curve for HAP in XZ uniplanar shear. ............................................. 93
Figure 71: Shear strain in the HAP structure under uniplanar XZ shear. ..................................... 94
Figure 72: Images of covalently bonded species at points of interest for XZ uniplanar
shear. ............................................................................................................................................. 95
Figure 73: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest
for XZ uniplanar shear. ................................................................................................................. 97
Figure 74: Images of Ca(II) ionically bonded species at points of interest for XZ
uniplanar shear. ............................................................................................................................. 98
Figure 75: The stress/strain curve for HAP in YZ uniplanar shear. ........................................... 100
Figure 76: Shear strain in the HAP structure under uniplanar YZ shear. ................................... 101
Figure 77: Images of covalently bonded species at points of interest for YZ uniplanar
shear. ........................................................................................................................................... 102

xiii

Figure 78: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest
for YZ uniplanar shear. ............................................................................................................... 103
Figure 79: Images of Ca(II) ionically bonded species at points of interest for YZ
uniplanar shear. ........................................................................................................................... 104
Figure 80: The stress-strain curves for x, y, and z uniaxial tension tests performed at
temperatures of 10K and 300K for each direction. ..................................................................... 106
Figure 81: The stress-strain curves for x, y, and z uniaxial compression tests performed at
temperatures of 10K and 300K for each direction. ..................................................................... 108
Figure 82: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at
temperatures of 10K and 300K for each direction. ..................................................................... 109
Figure 83: The stress-strain curves for x, y, and z uniaxial tension tests performed at a
temperature of 10K and strain rates of 1e10 and 6e8. ................................................................ 111
Figure 84: The stress-strain curves for x, y, and z uniaxial tension tests performed at a
temperature of 300K and strain rates of 1e10 and 6e8. .............................................................. 111
Figure 85: The stress-strain curves for x, y, and z uniaxial compression tests performed at a
temperature of 10K and strain rates of 1e10 and 6e8. ................................................................ 113
Figure 86: The stress-strain curves for x, y, and z uniaxial compression tests performed at a
temperature of 300K and strain rates of 1e10 and 6e8. .............................................................. 113
Figure 87: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at a
temperature of 10K and strain rates of 1e10 and 6e8. ................................................................ 114
Figure 88: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at a
temperature of 300K and strain rates of 1e10 and 6e8. .............................................................. 115

xiv

Figure 89: The average equilibrium potential energy difference between a perfect HAP
crystal and one with a V(Ca(II)2+--2V(OH-) vacancy pair, subtracting the effect of O-H
bond exclusion. ........................................................................................................................... 116
Figure 90: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial x tension. ................ 117
Figure 91: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial y tension. ................ 117
Figure 92: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial z tension. ................. 118
Figure 93: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial x compression. ........ 119
Figure 94: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial y compression. ........ 120
Figure 95: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniaxial z compression. ........ 120
Figure 96: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniplanar XY shear............... 122
Figure 97: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniplanar XZ shear. .............. 122
Figure 98: The effect of adding a delocalized (DL) or localized (L) vacancy pair on
failure stress of HAP compared to a perfect (P) HAP crystal for uniplanar YZ shear. .............. 123
Figure 99: The relationship between failure stress and pore volume for all loading cases
considered in HAP at 10K with a central spherical pore. ........................................................... 125

xv

Figure 100: The failure stress and pore volume relationship for uniaxial tensile loading at
10K of an HAP crystal with a central spherical pore.................................................................. 126
Figure 101: The failure stress and pore volume relationship for uniaxial compressive
loading at 10K of an HAP crystal with a central spherical pore. ................................................ 126
Figure 102: The failure stress and pore volume relationship for uniplanar shear loading at
10K of an HAP crystal with a central spherical pore.................................................................. 127
Figure 103: The relationship between failure stress and pore volume for compressive
loading and 10K and 300K. ........................................................................................................ 129
Figure 104: The relationship between failure stress and pore volume for HAP in
compression at 300K with a varying pore location for pore with radii of 3.75Å and 5Å. ......... 130
Figure 105: The relationship between failure stress and pore volume for shear loading
and 10K and 300K. ..................................................................................................................... 131
Figure 106: The relationship between failure stress and pore volume for HAP in shear at
300K with a varying pore location for pore with radii of 3.75Å and 5Å. .................................. 132

NOMENCLATURE
HAP

Hydroxyapatite

DFT

Density Functional Theory

MD

Molecular Dynamics

NPT

Isothermal-Isobaric Ensemble

Ca(II)

Calcium (II) Atomic Site

O(II)

Coordination Oxygen (II) Site

V(OH-)

Hydroxide Ion Vacancy

Ca(I)
O(I)

O(III)

V(Ca(II)2+)

Calcium (I) Atomic Site

Coordination Oxygen (I) Site

Coordination Oxygen (III) Site

Calcium (II) Ion Vacancy

O-H

Oxygen-Hydrogen Bond

Ca-O

Calcium-Oxygen Bond

P-O

Phosphorus-Oxygen Bond
Mass of a Particle in MD

Acceleration of a Particle in MD

Force Exerted on a Particle in MD
System Potential Energy in MD
System Total Energy

,

Harmonic Bond Linear Stretching Stiffness

Center-to-Center Distance Between Two Particles i and j
Initial Length of a Harmonic Bond

,
,

Harmonic Bond Angular Stretching Stiffness

xvii

Angle Between Three Particles i, j, and k
,

Initial Angle Between Three Particles i, j, and k

Charge of Particle i

Charge of Particle j

Permittivity of a Vacuum

Van Der Waals Energy Well Depth

B

Van der Waals Radius of Two Non-Bonded Atoms i and j

Bulk Modulus

Φ

Lattice Energy

V0

Initial Volume

V

Epot
ρ

C0,1,2

Volume

Potential Energy

Number Density: Atoms per Volume
Parabolic Fitting Constants

CHAPTER 1: INTRODUCTION
1.1

Research Motivation
Hydroxyapatite (HAP) is an inorganic calcium phosphate ceramic which acts as the main

load-bearing constituent in osseous tissues. Within these tissues, a collagen fiber matrix suspends
hydroxyapatite platelets. These collagen fibrils are typically capable of large deformation at the
expense of mechanical strength and are thus able to effectively transfer load to the much stronger
and more brittle hydroxyapatite platelets [1].
Synthetic HAP is easily produced in laboratories in stoichiometric ratios consistent with
those of natural HAP. Given that HAP itself is a material which is produced naturally during
bone growth and repair, laboratory-produced HAP has shown to be both biocompatible and
bioactive when used in the human body. HAP is currently used in applications including bone
tissue scaffolding with tunable resorbability and bioactive coatings for bioinert materials such as
titanium implants [2]. HAP cannot currently be used by itself in load bearing applications due to
its brittle nature, but is of interest as a coating material due to its osteoconductive properties and
biocompatibility. Furthermore, use of HA improves bone adhesion and improves the mechanical
properties at the implant-tissue interface [3].
It is currently understood that the remarkable mechanical properties of natural tissues
such as bone can be attributed to hierarchical material structuring and deformation mechanisms
acting across many size scales from nanometers to micrometers. These deformation mechanisms
are not yet well understood for hydroxyapatite surfaces or bulk samples. This work aimed to
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provide a thorough investigation of nanoscale deformation mechanisms in bulk HAP for perfect
crystals and crystals with defects common to processing (vacancies and pores). Molecular
dynamics (MD) atomistic simulations were utilized to accomplish this goal.
1.2

Literature Review
A large body of research exists concerning the suitability of HAP for different

applications in biomaterials science. Much of this work is experimental in nature and concerns
the assessment of HAP mechanical properties via nanoindentation, the study of tissue growth on
HAP interfaces/scaffolding, and the strength of the interfaces in question over time. The existing
computational work for HAP is diverse, covering topics ranging from the measurement of
mechanical properties to the simulation of collagen nucleation involving HAP crystals. Many of
these studies utilize hexagonal hydroxyapatite models with non-periodic geometry to study
surface reactivity, confinement, and interfacial properties, to name a few.
As discussed by Stock [1] the remarkable mechanical properties of bone can be attributed
to its nature as a hierarchically structured biological composite consisting of a matrix of type 1
collagen fibrils that are discontinuously reinforced by HAP nanoplatelets. These materials are
surrounded by a considerable amount of water and thus exposed to many other ions and
macromolecules. Within bone, the carbonated apatite platelets have the chemical formula
Ca10(PO4)6(OH)2 (hydroxyapatite) and crystallize in a hexagonal crystal lattice with varying
parameters based on composition. These platelets form along collagen fibrils which are created
by osteoblasts and precipitate from solution in the gaps between fibrils such that the crystalline
c-axis is aligned with the fiber axis. These gaps are central fibril pattern areas of significant void
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space. Two fiber patterns are of finite length and thus overlap only at their ends, where void
space is much lower. Figure 1 shows the fiber orientation and mineralization locations in bone.

Figure 1: The characteristic orientation of mineralized collagen molecules within a bone. a A single collagen molecule is shown
with characteristic length of 300nm and diameter of 1.23nm, as well as a 2D array of these collagen molecules with 40nm
spacing. b The 2D collagen molecule array as shown in a stacked 3D arrangement, with intermolecular spacing preserved. This
creates channels throughout the fibril arrangements, a.k.a. gaps. c HAP crystals nucleate within these gaps, with their c aces
aligned with the length of the crystal. d HAP crystals grow from the first nuclei to form in the gaps and mineralize the entire gap
region. This represents the mineralized collagen structure seen in natural bone [1].

Platelets can also precipitate on the surface of fibrils, and it is unclear whether HAP

platelets are more extrafibrillar or intrafibrillar. These regions of mineralized collagen allow for
load transfer from the collagen matrix to the discontinuous HAP reinforcement via shear. In this
way, bone maintains excellent mechanical properties via the deformation of the collagen matrix
and integrated load carrying capacity of the HAP platelets. While the hierarchical structure and

4
load transfer behavior of natural bone are understood, the distinct deformation mechanisms
which occur in HAP across different scales prior to failure are not currently known. Figure 2
shows the hierarchical structure of osseous tissue.

Figure 2: The hierarchical structure of natural bone, showing macroscale bone tissue broken down into its constituents.
Collagen and HAP form mineralized collagen fibrils, which organize into fibers and discretely oriented fiber patterns. These
fiber patterns form osteons and Haversian canals, which are microscale features of macroscale bone [4].

Viswanath et al [5] explored the differences seen in HAP mechanical characteristics

between nanoindentation and microindentation. The molten salt synthesis method was used to
grow HAP single crystals in the form of hexagonal prisms which were 60-70 µm long and 20-30
µm in diameter. In the case of nanoindentation, dislocation pile-up along the edges of the
indenter and pop in with increasing applied load values were indicators of dislocation flow and
plasticity despite the ceramic nature of the crystal. Microindentation of other samples always
caused corner cracking, although some dislocation flow prior to cracking was observed.
Zamiri and De [6] built upon the work of Viswanath et al by further studying the
nanoindentation response of HAP single crystals. The goal of this research was to build a
constitutive framework to accurately model the stress-strain response of hydroxyapatite under
mechanical loading. It was found that the work hardening coefficient, work hardening exponent,
and yield stress were higher along the [0001] direction than for [1010]. Furthermore, it was
postulated that the anisotropy in flow properties in HAP may be related to the deformation
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mechanisms present in HAP, namely that dislocation flow is more restricted in certain
crystallographic directions in HAP compared to atomic crystals.
Saber-Samandari and Gross [7] further explored the anisotropic characteristics of HAP
using nanoindentation. It was found that HAP single crystals possess higher fracture toughness
on the side planes, although the basal planes have higher hardness and elastic modulus values.
This led to the conclusion that the basal planes of HAP were also more brittle than the side
planes. Crack lengths in the material were found to be anisotropic, indicating the effect of
directionally dependent deformation mechanisms in HAP.
He et al [8] used nanoindentation to study the effect of the inherent porosity on the
mechanical behavior of sintered polycrystalline HAP. Elastic modulus and hardness of HAP
decreased exponentially with increasing porosity. Samples with above 15.8% porosity did not
show hardening associated with inelastic behavior, and samples above 33.8% porosity did not
show a clear linear elastic regime or any yield point. Above this porosity, samples were found to
have very similar stress strain responses. This was attributed to the increased porosity allowing
material failure via fracture of sintered necks between pores as opposed to large scale dislocation
motion and crack propagation.
Yashima et al [9] utilized a combination of synchrotron and neutron diffraction data to
explore the chemical bonding and structural disorder present in HAP powders, with an emphasis
on the changes observed when a phase transformation between monoclinic and hexagonal HAP
occurs. Clear covalent bonding between O-H atoms in hydroxide species and P-O groups in
phosphate species was observed. Ionic bonds between Ca atoms and O atoms from both
phosphate and hydroxyl groups were also confirmed. Regarding the differences between

6
monoclinic and hexagonal HAP, it was found that the O-H group can be oriented randomly up or
down in monoclinic HAP, while all O-H groups in hexagonal HAP are oriented in only one
direction. Additionally, the electron density surrounding phosphate group oxygens is symmetric
in hexagonal HAP but asymmetric in monoclinic HAP due to phosphate group tilting. These
finding confirm that the hexagonal to monoclinic phase transition in HAP includes the
orientational ordering of OH groups, occupational ordering of H and O atoms in OH, tilting of
phosphate tetrahedra, and Ca atom displacement.
Ou and Han [10] used MD to study the mechanical properties of monoclinic HAP
subjected to different loading directions, applied strain rates, and temperatures. The model used
for these simulations contained 2,310 atoms and was parameterized using the PCFF force field
and Qeq charge equilibration via Materials Studio. The Qeq charge equilibration method uses
electron affinities, ionization potentials, and atomic radii to predict atomic charges for a given
system [11]. A timestep of 1fs was used and periodic boundary conditions were applied in all
directions. Drop in fracture strength and Young’s modulus were seen with increasing
temperature for tensions in every direction. The temperatures considered were 200K, 300K,
400K, and 500K. An increase in applied strain rate resulted in higher values of fracture strength
and Young’s modulus for all cases. The strain rates considered were 1*10 10/s, 5*1010/s, and
1*1011/s. The differences in fracture strain resulting from increased temperature or strain rate
were found to be small, and the effect of strain rate on fracture strength and Young’s modulus
was found to be more significant than the effect of temperature. In all cases, the fracture strength
in the z direction was found to be the highest, with y being the second highest and x being the
lowest. The tensile modulus along the z direction was found to be lower than x and y for the
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same temperature and applied strain rate, with y being the highest. For compression, temperature
was found to have an insignificant effect on fracture strength, Young’s modulus, and fracture
strain for any direction. As the applied strain rate was increased, a large increase in both fracture
strength and Young’s modulus for every direction were observed, although fracture strain was
not significantly affected.
For a given strain rate increase of magnitude 1 in tension, increases in fracture strength
were as high as 42.99%, Young’s moduli increased by as much as 63.09%, and fracture strains
were found to increase by as much as 1.22% or decrease by as much as 13.64%. For the same
strain rate increase in compression, fracture strengths were found to increase by as much as
62.16%, Young’s moduli increased by a maximum of 55.41%, and fracture strains increased by
as much as 11.76% and decreased by as much as 9.90%. The compressive fracture strain in all
cases was found to be highest in y and lowest in z. The compressive Young’s modulus was
highest in z and lowest in x. While the methods used by the authors to characterize mechanical
response are robust, the work of other authors who have studies hexagonal HAP have found that
the Z direction is the stiffest with respect to elastic constant measurement. The findings in this
paper which characterize the tensile elastic modulus in the Z direction as lower than x or y in
given circumstances may be incorrect. This is suspected to be due to the use of Qeq charge
equilibration, which is a charge assignment approximation and does not assign experimentally
determined partial charges to systems.
Libonati et al [12] studied the effects of size confinement on flaw tolerance in hexagonal
HAP by utilizing an extended CHARMM force field with added bonded parameters based on
quantum mechanics calculations and experimental data. A model consisting of a hexagonal unit
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cell of HAP replicated 32 times in the x direction, three times in the z direction, and n times in
the y direction was used, where n varied from 4 to 14. An initial crack of ~15.1nm was created in
the basal (001) plane and oriented along the [100] direction. The crack opening angle was ~2°.
No variance was found in the linear elastic regime of the stress-strain curve of HAP relative to
the variable height of the sample containing a crack of constant size. However, large differences
in plastic behavior between samples were observed, with smaller samples exhibiting quasihomogeneous stress distributions while larger samples exhibited stress concentration at the crack
tip. It was confirmed that for samples below a height of 3.4nm, the stress concentration
essentially disappears. This validates the concept of biological materials exhibiting remarkable
properties via specific hierarchical structuring at different size scales, as seen in natural HAP
platelets in bone.
Bhowmik et al [13] studied the deformation mechanisms of collagen in the
hydroxyapatite-tropocollagen system using MD. An HAP unit cell was replicated to produce an
initial system of 16892 atoms, and periodic boundary conditions were applied to simulate bulk
HAP. A solvated tropocollagen molecule was placed with the telopeptide end along the (0001)
surface of the bulk HAP, allowing for the simulation of bonding interactions between the bodies.
Load was applied at the tropocollagen molecule center of mass and directed along the c-axis of
the bulk HAP to allow the tropocollagen to be pulled from the surface. Solvated tropocollagen
without the HAP was pulled in tension, revealing increased interaction with water as the
tropocollagen molecule was stretched. In the presence of HAP, the interaction of water with
HAP was preferred over the presence of tropocollagen with water or tropocollagen with HAP.
Thus, the deformation of collagen in the presence of HAP was found to be very different in water
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than without HAP, leading to the conclusion that the interaction of HAP with water may play a
very important role in the nanomechanics of bone.
Qin et al [14] investigated the effect of hexagonal HAP plate thickness on the mechanical
properties of the collagen-hydroxyapatite interface using MD. The modified CHARMM force
field utilized by Libonati et al was used in conjunction with a model containing a single
tropocollagen molecule limited to a length of 30 amino acids and a hydroxyapatite unit call
which was replicated to produce crystal thicknesses of 0.7nm, .4nm, 3.5nm, and 4.2 nm. The
stiffness of the system without the presence of a hydroxyapatite crystal was found to be much
lower than any system containing it. The tensile modulus of the system was found to increase
with increasing crystal thickness, although tensile modulus values were found to converge for
thicknesses less than 2nm. This was in good agreement with the fact that the HAP crystal
thicknesses found in natural bone are typically between 1 and 2 nm. Additionally, the addition of
a water environment was found to moderate the differences in tensile properties and thicknesstensile strength relationships at the collagen-HAP interface for different exposed HAP surfaces
with different chemical compositions.
Nair et al [4] attempted to build upon previous models which provided a simple collagenHAP platelet interface by constructing a full model of mineralized collagen fibrils as seen in
bone. The mineral platelets were created using a hexagonal HAP unit cell parameterized using
the extended CHARMM force field. Using a Monte Carlo approach based on free void space to
mineralize collagen fibrils, systems were created with mineralization proportions of 0%, 20%,
and 40% for mechanical testing. The greatest mineralization proportions were observed in the
gap, where there is no overlap between neighboring fibrils of a finite length. The minerals
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observed in the fibril region were roughly 15nm x 3nm x 1.6 nm. This was in good agreement
with experimental data, which showed that the highest mineralization occurred in gap regions
with platelets that were 15-55nm x 5-25nm x 2-3nm in size. It was found for all mineralization
cases that the stress distribution within the system reflected much greater load bearing in the
platelets rather than the collagen fibrils. The collagen fibrils themselves were found to have a
strain which was 2 orders of magnitude larger than the strain found in HAP, with the case of
40% mineralization having a lower failure strain than the cases of 20% and 0% mineralization.
These results indicate that the distribution between stress and strain in mineralized collagen
allows for significant energy dissipation, which is responsible for the fracture resistance of bone.
Matsunaga and Kuwabara [15] used plane wave-based first principles calculations to
study the energies associated with vacancy pair formation in hexagonal HAP. Supercells of 88
atoms (two unit cells) were obtained by replication along the c-axis, and certain ionic species
were removed to form vacancies. The formation energy of a vacancy was found from
comparisons between vacancy states and a defect-free reference state. It was found that the
vacancy formation energies for vacancy pairs in HAP were -0.12eV/defect, -0.16eV/defect, 0.40eV/defect, and -0.60eV/defect for V(H+)—V(OH-), 2V(H+)—V(O(III)2-), V(Ca(I)2+)—
2V(OH-), and V(Ca(II)2+)—2V(OH-), respectively.
Sun et al [16] used similar plane wave-based first principles calculations to study the
softening of HAP via the inclusion of vacancies. The creation of Ca(I) and Ca(II) vacancies were
found to require the least energy, at 0.60 eV and 0.39 eV, respectively. Hydrogen vacancy and
hydroxide vacancy formation energies were found to be 2.28 eV and 2.93 eV, respectively. The
inclusion of Ca(II) vacancies was found to cause the largest decrease in elastic properties of
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HAP. Associated reductions in Young’s moduli and shear moduli were as high as 61.5% and
64%, respectively, compared to a perfect HAP crystal. The C 11, C12, and C33 elastic constants
were shown to be among the most affected by Ca(II) vacancy inclusion, indicating the possible
reliance of those loading directions on strength contributions from Ca(II)-O ionic bonds. The C 13
elastic constant and Poisson’s ratio were found to increase, although this was slight for the
Poisson’s ratio.
Lin [17] successfully re-parameterized bond stretching coefficients and partial charges on
atoms for both the existing PCFF and CVFF force fields using experimental data to more
accurately model HAP. These revised force fields were released publicly as the PCFF Interface
and CVFF Interface force fields and differ only in the use of a 12-6 Lennard–Jones (LJ) potential
for the CVFF form and a 9-6 LJ potential for the PCFF form. These re-parameterized force fields
were found to more accurately reproduce bulk elastic constants, surface properties, lattice
parameters, and immersion energies compared to existing force fields such as PCFF, CVFF,
CHARMM, AMBER, OPSL-AA, and COMPASS. The accuracy of these measurements was
verified based on obtained experimental data and found to deviate by 0.5% on average for
measured lattice parameters and a maximum of 10% or less for measured elastic constants.
The aforementioned works and others like them have, to date, accurately explored the
roles that collagen and HAP play in contributing to the strength of natural bone. The mechanical
properties of finite HAP crystals have been well explored computationally and experimentally,
and phenomena such as anisotropy, fracture toughness, flaw tolerance, and the formation and
effect of vacancies have been deeply investigated. Regarding HAP as a coating, no
computational or experimental work yet exists which considers the deformation mechanisms
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present in bulk HAP on the nanoscale. Explanation of these deformation mechanisms and
qualification/quantification of the effects of vacancies, porosity, temperature, and strain rate on
the deformation behavior of hexagonal HAP are necessary for the more robust design of future
HAP coatings. Furthermore, knowledge of nanoscale deformation mechanisms and quantities of
interest are necessary for future hierarchical modeling and development of HAP crystals, which
has not been completed to date.

1.3

Overview of MD
MD is a deterministic method which neglects the presence of individual electrons

surrounding atoms and thus treats each atom as a point particle that interacts with other point
particles in a system. This allows for simulation of nanoscale material behavior using larger
systems and higher computational speeds than those allowed by quantum techniques such as
density functional theory (DFT). The position of each particle is calculated for given system
properties via integration of Newton’s equations of motion on a per-particle basis. This can be
shown simply as

=

(1)

=−

(2)

where

Particles interact with each other via parameters defined in an interatomic potential,
a.k.a. a force field, which allows for a quasi-classical treatment of particle motion without
directly solving Schrodinger’s equation for all particles involved. However, MD is limited in that
ensemble averages are used to calculate properties of interest and is thus statistically limited.
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Interatomic potentials are formulated to appropriately include the types of interactions
seen in a system of interest. These interactions may or may not include bonding but typically do
include secondary forces such as van der Waals and coulombic interactions. Based on the force
field formulation, computational models of up to 10 8 atoms can be used for simulations lasting
up to 1 ns, provided enough computational power is available. However, larger systems are not
feasible to compute within a reasonable time and thus MD is limited to the nanoscale. Mesoscale
modeling using certain parameters gleaned in MD simulations may be performed using different
modeling approximations. Thus, MD is just one component of a larger hierarchical modeling
structure for accurate simulation of material behavior across various size scales.

CHAPTER 2: MODELING AND COMPUTATIONAL METHODS
2.1

HAP Base Model for Simulations
The unit cell for HAP used in this work has the chemical formula Ca 10(PO4)6(OH)2 and

has 44 atoms. The unit cell itself is triclinic, with crystallographic indices a=9.417 Å, b=8.155 Å,
and c=6.875Å. The interior angles are α=β=90° and γ=120°. The space group is P6/3m
hexagonal. Figure 3 shows the crystalline lattice of hexagonal HAP as viewed from the a-b
plane.

Figure 3: Crystalline lattice of HAP along the a-b plane. Blue atoms represent calcium ions, red atoms represent phosphate
oxygen atoms, tan atoms represent phosphate phosphorus, and yellow atoms represent hydroxyl hydrogen. Not visible are the
hydroxyl oxygen atoms, which are below the yellow hydrogen atoms. Ca(II) atoms occupy the six blue sites around each yellow
hydrogen. Ca(I) atoms occupy the blue sites central to the three staggered pairs of oxygen atoms outside of the Ca(II) hexagonal
arrays.

The HAP unit cell itself is composed of multiple hydroxide channels which are
surrounded by calcium ions and phosphate ions. While hydroxide and phosphate ions are
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internally covalently bonded, ionic bonding is present between calcium and all oxygen molecules
present in the system. This allows for the formation of polyhedra specific to each calcium (I) and
calcium (II) site and an overall crystal lattice which is held together through a series of strong
ionic bonds. Ca(I) polyhedra are formed by the coordination of the calcium atom by nine
different oxygen atoms contributed by six different phosphate groups. Ca(II) polyhedra are
formed by coordination of the calcium atom by seven oxygens. One of these is contributed by
the neighboring hydroxide group, while the other six are contributed by five different phosphate
groups [18]. The atoms contributing to the formation of Ca(I) polyhedra are shown in Figure 4
and the atoms contributing to the formation of Ca(II) polyhedra are shown in Figure 5. The
shapes of the Ca(I) polyhedra, Ca(II) polyhedra, and phosphate tetrahedra are shown in Figure 6.

Figure 4: Four unit cells of HAP on the {001} plane, with contributing atoms to Ca(I) polyhedra labeled.
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Figure 5: Four unit cells of HAP on the {001} plane, with contributing atoms to Ca(II) polyhedra labeled.

Figure 6: The shape of the a). phosphate tetrahedron b). Ca(I) polyhedron and c). Ca(II) polyhedron [17].

It can be seen visually that each of the bonds between the central atom of each
polyhedron and one type of edge atom are different from one another. The bonds themselves are
either covalent on nature (P-O, O-H) or ionic, with the ionic bonds acting as a very strong dipole-dipole interaction since electron transfer occurs as opposed to electron sharing. Within an
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ionic bond, a columbic interaction between a positively charged ion and a negatively charged ion
exists. These bonds may dissociate if the distance between the central atoms becomes too small
or too large. Table 1 details the bonds present in HAP and provides their respective lengths and
bond types.
Table 1: The Bond Species Present in HAP, Presented with Their Equilibrium Lengths and Bond Type, [17], [18].

Bond

Equilibrium Length (pm)

Bond Type

P-O(I)

153.3

Covalent

P-O(III)

151.4

Covalent

O-H

P-O(II)

95.5

154.4

Ca(I)-O(I)

241.6

Ca(I)-O(III)

280.2

Ca(I)-O(II)

Ca(II)-O(OH)

244.9

235.4

Covalent

Covalent
Ionic

Ionic

Ionic

Ionic

Ca(II)-O(I)

271.2

Ionic

Ca(II)-O(III)

236.7

Ionic

Ca(II)-O(II)

Ca(II)-O(III)

235.6

251.1

Ionic

Ionic

When elucidating the relevant nanoscale deformation mechanisms in a given loading case,
the understanding that the elastic behavior of a crystal is the sum of the elastic behavior of its
constituent parts. In the case of uniaxial tension, the stretching of and bending of covalent bonds,
alteration of ionic bond interaction distance, and the complex interplay of weaker secondary
bonding are responsible for maintaining the cohesive nature of the ceramic crystal. One of these
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bonding types may be able to handle more deformation than another type but is in general not
entirely responsible for contributing all the elastic deformation of a ceramic single crystal.
When using the visualization to elucidate bond breakage in this work, covalent bonds
between O and H in hydroxide were to be maintained to within 0 pm of equilibrium length. This
low tolerance for bond stretching was used due to experimental equilibrium length of the O-H
bond being 0.955Å despite the fact that the force field used could only replicate the O-H bonds at
a minimum length of 0.97 Å [17]. Any dissociation of hydroxide groups would warrant further
investigation, although no hydroxide dissociation or bond breakage was seen in any given
loading case presented herein.
Lattice vibrations and initial repulsion effects were found to vary the length of individual
phosphate molecule bonds, which can be seen to vary experimentally from 151.4 pm to 154.4pm
[18]. Bond lengths of up to 155 to 157 pm were assigned to these bonds for an average length
increase allowance of 1.06% to 3.69% in the initial structure, which is known to be undeformed.
Any deformation above these limits would warrant a bond breakage, although none were
encountered. This was considered to be an acceptable limit due to the maintenance of fracture
zone phosphate group structure throughout deformation in all loading cases. Worth noting is that
the bond criteria assigned are based on experimental measurements, whereas the force field
chosen in this work can only maintain all phosphate bond lengths at 1.54pm-1.55pm at
equilibrium [17].
When analyzing the ionic bonds within the structure for a given loading case, it was
assumed that the entire elastic deformation of the crystal could be attributed to a single bond
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type, neglecting the contributions offered by covalent bond stretching and angular differences as
well as secondary forces. Any bond deformation exceeding the initial bond length plus the elastic
strain of the crystal was classified as a break. This method was chosen as safe since the
likelihood of the overestimation of bond preservation is high, whereas the false breaking of a
bond between chemical species is very unlikely to impossible. In this way, the method used may
reveal some or (possibly) all the bond species responsible for the deformation behavior of a
single crystal under uniaxial tension while not giving false positives regarding the breaking of
bonds between other chemical species. The bonds themselves may be visualized as vectors with
three-dimensional components. If the length of the vector exceeds the limit given, the bond is
visualized as broken and will not be shown.
The bonds considered in this work are from atoms which are strictly within the fracture
zone of the material in each loading case. This ensures that the bonds considered are relevant and
that visualization has the best chance of revealing bond breakage within this region.
2.2

HAP Model with Defects
To examine the effects of defects on the mechanical properties of bulk HAP, models

were created which included either V(Ca(II)2+)—2(V(OH-)) vacancy pairs or spherical pores.
The V(Ca(II)2+)—2(V(OH-)) vacancy pairing was chosen due to suspected effect on mechanical
properties [16]. The vacancy concentration was kept at 4.529e19/cm 3 in an effort to effectively
stay beneath the highest equilibrium concentration of all vacancy types in HAP, which is
5.0e21/cm3. This was done in consideration of that fact that under coating conditions formation
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of V(H+)-V(OH-) vacancy pairs requires the least energy and is dominant [15]. Spherical pores
were chosen in an effort to model the base geometry of most porosity encountered in coating
processes.
Vacancy pairs were constructed as either localized or delocalized, where localized
vacancy pairs were created by deletion of directly adjacent chemical species in the base HAP
crystal. Delocalized vacancy pairs were expected to be the most realistic construction and were
made by randomly deleting non-adjacent chemical species within the HAP base crystal. To
account for the effect of stochasticity, five different localized and five different delocalized
vacancy simulation models were computed.
The spherical pores were created by deleting a specified spherical region of a given
radius from the base HAP crystal. All dangling bonds associated with deleted molecules were
also deleted. The pore radii chosen for computations were 3.75Å, 5Å, 7.5Å, and 15Å. To account
for the effect of stochasticity, five different pore locations were chosen at random to construct
five different simulation models for computation.

2.3 Choice of Potential
The potential used in all simulations was chosen to be the CVFF Interface force field as
reported in Lin [17], which is a variant of the original CVFF force field. CVFF itself has
contributing terms for bonded and non-bonded interactions and can be expressed as
=∑
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where the first summation is a harmonic bond stretching potential, the second summation is a
harmonic bond angular potential, the third summation is a nonbonded coulombic interaction
potential, and the fourth summation is a 12-6 Lennard-Jones nonbonded interaction potential.
Given that the bonds used in this potential are harmonic in nature, it is implied that the bond
between two atoms is represented computationally as a spring with a given stiffness.
The CVFF Interface force field is functionally identical to CVFF, but with newly
experimentally and DFT-determined partial charges and nonbonded Lennard-Jones potential
terms to more accurately replicate behavior in certain materials such as inorganic silicates and
phosphates. This force field has been used to successfully reproduce physical and chemical
properties for mica, silicates, hydroxyapatite, FCC metals, and aluminates with values close to
those found experimentally [19]–[22]
2.4 Molecular Dynamics Simulations
2.4.1

Common Features of All Simulations
The force field file and HAP unit cell used in this work were created using Materials

Studio 4.0 [17]. Conversion of these files to a LAMMPS input file was performed using the
open-source msi2lmp executable file, and all MD simulations were performed using LAMMPS
[23]. The pair potential used in all simulations was a long-range LJ/coulombic potential with a
cutoff distance of 9.5Å. To correctly account for charge screening and to ensure proper
convergence of system energy due to contributions from long-range interactions, a Ewald
summation with a desired relative error of 1e-4 or less was used. Due to the presence of
hydrogen in the system, a timestep of 0.5fs was used in all simulations. Minimization at 0K

22

using the conjugate gradient method was performed prior to any pressure applications, etc. The
energy tolerance used was 0.0 and the force tolerance used was 1e-25.
2.4.2 Simulations for Model Verification
All simulations for model verification were run using a perfect crystal of HAP comprised
of 1,181 atoms. This crystal was obtained by replicating the HAP unit cell three times each in the
x, y, and z directions. The temperatures used for the bulk modulus calculations were 10K and
300K, respectively. Prior to pressure application, the system was relaxed at the target
temperature using a Berendsen thermostat for 50ps. This thermostat allows a system to be
coupled to a heat bath, whereby energy fluctuations are suppressed by rescaling the velocities of
contained atoms with respect to the target temperature until the fluctuations reach a minimum
[24]. Pressure was then applied at the target temperature using an NPT ensemble. Intermediate
relaxation using a Berendsen thermostat was performed for 20ps in between NPT ensemble
applications. Pressure was first applied at 1 bar for 1.5 ns and then successive steps of 5000 bar
in alternating tension or compression for 1ns. The pressure applications after 1 bar started at
±10000 bar and were raised to ±3500 bar for 10K and ±3000 bar for 300K.
2.4.3 Simulations for Mechanical Loading
Simulations for mechanical loading in cases involving perfect crystals or crystals with
porosity were performed using systems of 44,000 atoms created by replicating the HAP unit cell
10 times in each of the x, y, and z directions. Simulations involving crystals with vacancies
consisted of 5,500 atoms created by replicating the HAP unit cell five times in each of the x, y,
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and z directions. For studies involving temperature, the applied temperatures were 10K and
300K, respectively. Applied strain rates for a given temperature were 1e10/s and 6e8/s,
respectively. Simulations concerning the elucidation of deformation mechanisms were performed
at a temperature of 10K and a strain rate of 1e10/s.
All simulations were allowed to relax prior to strain application via an NPT ensemble
application at 0 bar and the target temperature for 20ps. At a strain rate of 1e10/s, all tension tests
were run for 70ps after relaxation, as were all shear tests. All compression tests at this strain rate
were run for 50ps. For a strain rate of 6e8/s, tension tests were run for 2ns, compression tests for
800ps, and shear tests for 1ns.
2.5 Model Verification
The accuracy of the HAP base model created in this study was judged by a twofold
method comprised of bulk modulus calculations and lattice parameter measurements after
equilibration. It is possible to calculate the bulk modulus of a material via measurement of
energy change with respect to volume change, as well as by calculating the individual stiffness
tensor components for a material and respectively calculating the bulk modulus. This work relies
upon the former.
The bulk modulus (B) of a crystal can be defined as
=

(4)

where
=

(5)
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and
=

(6)

Thus, calculation of the bulk modulus from parabolic data can be performed via
recognition that

=

+

+

(7)

when plotting Φ as a function of V. A quadratic polynomial was chosen to fit the bulk modulus
data because the volume change imposed upon the crystal by the pressures applied was very
small. Close to the minimum point, the bulk modulus curve remains quadratic [25]. This allows
for curve fitting without the use of less complicated functions such as the Murnaghan equation of
state. Figures 7 and 8 show the variation in specific potential energy plotted against the specific
volume for the bulk modulus simulations at 10K and 300K, respectively. The fitting polynomials
are also shown with their respective equations and R 2 values. Both R2 values exceed 0.99 and
indicate a very good quadratic polynomial fit.
Using the Φ(v) functions derived from Fig. 4 and 5, the measured bulk modulus values
are 81.3 GPa at 10K and 76.9 GPa at 300K. These values are in good agreement with other
values in published literature, which can be found in Table 2 along with respective C 11 and C33
constants.
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Figure 7: Variation of the specific potential energy vs the specific volume at 10 K. The solid curve shows a quadratic polynomial
fit to the data.

Figure 8: Variation of the specific potential energy vs the specific volume at 10 K. The solid curve shows a quadratic polynomial
fit to the data.
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Table 2: Elastic Constants and Bulk Modulus Values for HAP from Different Force Fields/Experimental Data. All Values are
Reported for Simulation or Experiments at 298K.

Potential Used

C11

C33

B (GPa)

Lin 9-6 FF [17]

130

157

72.9

Lin 12-6 FF [17]

147

185

81.3

Experimental [26]

137

172

89.0

Buckingham [27]

134.4

184.7

90

PAW-PBE (DFT) [28]

140

174.8

84.5

PBE Functional (DFT) [29]

145.2

191.4

90.7

VRH Approximation [30]

117.1

231.8

82

The C11 and C22 constants for a hexagonal crystal may be assumed to be the same due to
symmetry. While this was the procedure followed by all listed works in Table 2, these were
evaluated independently for accuracy in this study. At 300K, The C 11 and C22 values were found
to vary only slightly, being 130.88 GPa and 132.91 GPa, respectively. The average of these two
values is 131.90 GPa, which agrees well with reference values. The C 33 value computed in this
study was 164.67 GPa, which agrees well with the experimental reference values found but is
lower than most computational reference values.
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The Cij values for the HAP crystal were calculated by compiling stress and strain values
from the elastic region of a given sample in both tension and compression. The data collected
was fitted to a linear equation, with the slope of the fitted line yielding the C ij value in question.
The stress/strain data and associated fit lines for C 11, C22, and C33 are shown in Figures 9, 10, and
11, respectively. All associated fitting lines have R 2 values in excess of 0.989, indicating a very
good fit.

Figure 9: The relationship between elastic stress and strain used to compute C 11. The linear fit line and associated equation are
shown.
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Figure 10: The relationship between elastic stress and strain used to compute C 22. The linear fit line and associated equation are
shown.

Figure 11: The relationship between elastic stress and strain used to compute C 33. The linear fit line and associated equation are
shown.
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Regarding the measurement of lattice parameters, OVITO [31] was used to measure the
length of the simulation box vectors before and after equilibration. These vectors form the
outline of the simulation box, and the magnitude of each vector represents the length of a lattice
constant. The dot products of the measured vectors were used to verify the measurement of
interior angles that existed between each vector pair. This measurement was performed to
ensure that the effective crystallographic used for simulations after an imposed minimization and
relaxation was accurate. As visible in Table 3, the lattice parameters and interior angles obtained
after equilibration are in good agreement with those of an ideal HAP crystal.

Table 3: Measured Lattice Parameters for Ideal and Simulated HAP Crystals.

Crystal

a

b

c

α

β

γ

Ideal [17]

9.417 Ȧ

8.155 Ȧ

6.875 Ȧ

90°

90°

120°

Simulated

9.33 Ȧ

8.08 Ȧ

6.943 Ȧ

90°

90°

120°

The verification model constructed in this study shows excellent agreement with
experimental data in terms of lattice constants. The bulk modulus value obtained at 300K is in
good agreement with the reference values obtained but is slightly lower than expected given the
use of a 12-6 force field in this work. This may be due to the use of uniform pressure to alter the
volume of the sample in this work. For anisotropic materials, the determination of independent
elastic constants and subsequent calculation of bulk modulus may prove to be more accurate
[32]. The C11 and C22 values for the model were found to be appropriately close and in good
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agreement with reference values, albeit lower than the values expected using a 12-6 force field.
The C33 value calculated was lower than most computational models, but in good agreement with
experimental data. The elastic constants in other works may have been calculated using different
strain ranges, relaxation and uniaxial compression, or considered a zero-temperature property.
However, this was not clearly elaborated upon. Regardless, the verification model used here
agrees reasonably well with the models used in other published works.

CHAPTER 3: OBJECTIVE AND RESEARCH QUESTIONS
The objective of this research is to investigate nanoscale deformation mechanisms that
are responsible for the mechanical properties and behavior of HAP single crystal under
mechanical loading. This research also studies the effect of defects such as vacancies and pores
on the mechanical behavior of HAP single crystals. Research questions which this work aims to
answer are:
1.

What are the dominant deformation mechanisms during mechanical loading on HAP? Do

these mechanisms vary according to the loading type and loading direction?
2.

How does temperature affect the mechanical behavior of HAP?

3.

How does applied strain rate affect the mechanical behavior of HAP?

4.

How do defects such as vacancies and pores affect the properties and deformation

mechanisms of HAP?

CHAPTER 4: RESULTS AND DISCUSSION
4.1 Deformation Mechanisms in Perfect Monocrystalline HAP
As an anisotropic crystal, hexagonal HAP is known to have differing mechanical
properties with respect to loading direction. The loading directions of concern in this work are
uniaxial tension/compression in x, y, and z and positive uniplanar shear in XY, XZ, and YZ.
Given that these directions are expected to display differing strength and deformation behavior
with respect to one another, the behavior of a perfect crystal in each loading scenario was
explored.
4.1.1 Deformation Mechanisms in Uniaxial Tension
Uniaxial tension, while not strictly important in ceramic applications, is of concern due to
the fact that use of HAP as a coating in load-bearing implants such as hip prostheses may expose
the material to many complex stress states, of which tension may be a contributing component.
Deformation mechanisms will be utilized to explain the observed differences between the
mechanical behavior of the samples loaded in different directions. To do so, the tensile loading
in each direction was investigated separately.
Figure 12 shows the stress-strain curves of the pure tensions along X, Y, and Z directions
at 10 K. The stress increases to a maximum value after which we see as stress drop due to the
generation of defects in the crystal. We call the point associated with the maximum stress as the
inception of failure. The HAP single crystal shows the highest stiffness in Z direction while the
stiffness values in X and Y directions are almost the same. Furthermore, the stress at the
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inception of failure is the largest for the sample loaded in Y direction and it is smallest for the
sample loaded in Z direction. Having the highest stiffness and the lowest stress at the inception
of failure, the sample loaded in Z direction possesses the lowest modulus of resilience. It is also
interesting to note that the elastic region encompasses two sub-regions of differing slope prior to
inception of material failure when the sample is loaded in X and Y direction. The initial slope of
the elastic region is larger than the secondary slope, indicating that some mechanism of
weakening is present in the material, even before the inception of failure.

Figure 12: The stress-strain relationships for the perfect HAP crystal loading in uniaxial tension along the x, y, and z axes at
10K.

Figure 13 shows the stress-strain curve for tensile loading in the x direction. The atomic
snapshots of the points A-E on the graph are shown to discuss the deformation mechanisms
associated with the mechanical behavior at each point.

34

Figure 13: The stress-strain curve for HAP in x-direction uniaxial tension. Points of interest with respect to deformation
behavior are labeled.

The deformation of the crystal itself is quite complex, although it can be visualized well

in terms of atomic shear strain. Figure 14 shows the progression of global atomic shear
throughout the listed points of interest for observed deformation behavior. Those atoms with the
highest shear strain are most displaced from their reference positions and show from highest to
lowest as shear strain as red/green to blue, depending upon the image shown. It can be seen from
the high shear strain around the hydroxyl groups that deformation first occurs locally around
each hydroxyl channel prior to failure inception and fracture propagation.
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Figure 14: Shear strain in the HAP structure under uniaxial x tension. From low to high: blue-green-yellow-orange-red.
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Figure 15 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in uniaxial x tension. Images of respective
bonds at labeled points of interest are provided in reference to Figure 13.
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Figure 15: Images of covalently bonded species at points of interest for x-direction uniaxial tension.

Figures 16 and 17 show the ionically bonded species as observed throughout the

deformation of the crystal in uniaxial x tension. Images of respective bonds at labeled points of
interest are provided in reference to Figure 13. Figure 16 shows the ionically bonded Ca(I)-O(I),
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Ca(I)-O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 17 shows the ionically bonded Ca(II)O(I), Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 16: Images of Ca(I) ionically bonded species and Ca(II)-OH species at points of interest for x-direction uniaxial tension.
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Figure 17: Images of Ca(II) ionically bonded species at points of interest for x-direction uniaxial tension.

No significant bond breakage is observed between covalently bonded species in this
loading case prior to the inception of failure. Observed bond loss in the P-O(II) groups is
doubtful given that no phosphate groups in the fracture zone were observed to have lost their
initial shape. Thus, breakage between ionically bonded species or loss of secondary bonding
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must be the reason for the change in the slop of the stress-strain curve before the failure. Using
the prior described bond length analysis (Table 1), it can be seen that the change in elastic regime
is due to premature breakage of bonds between Ca(I)-O(III), Ca(II)-O(I), and the longer Ca(II)O(III) species. The rebonding seen in the Ca(II)-O(III) species at point C is doubtful, given that
an adjusted elastic strain allowance confirmed bond breakage at Point B. While some of the
bonds appear to reform, this is due to the bond length cutoff in OVITO and may not represent
actual bond reformation. The atoms may be drawn close to one another after fracture due to
shear band formation.
The inception of material failure is due to bond breakage between Ca(I)-O(I), Ca(II)-O(I),
and Ca(II)-OH groups in addition to the continued fracture of the aforementioned groups
responsible for the change in initial elastic slope. The breakage of Ca(II) polyhedra is not
surprising due to the highest shear strain being present in unbroken hydroxyl groups (see Figure
14 D and E). However, it is of particular distinction that the largest proportion of bond groups
seen to fracture at the inception of failure are planar with respect to the x-y axis (see Figures 16
and17). The planar groups that were observed to have fractured had bonds oriented largely in the
x direction, while planar groups with mostly y orientation along the length of the bond were
observed to have little or no bond fracture. Regarding the breakage of bonds with significant z
orientation along their lengths, it was observed that these bonds also must have a significant
orientation in the x direction to experience significant breakage within groups. The bond between
Ca(I) and O(III) is the third longest in the structure and is likely to be stretched easily by a shift
in the x plane due to its orientation. The bond breakage in the Ca(I)-O(III) groups may be
attributable to the fact that phosphate molecules undergo extensive rotation without
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intramolecular bond breakage, causing high strain on intermolecular bonds in which the
phosphate oxygens participate.
The heavy participation of Ca(II)-OH bonds in load bearing to fracture is evidenced by
the large amount of bond breakage in these groups at fracture. Bond geometry dictates that two
of the six Ca(II)-OH bonds that are present around any given hydroxyl channel are strictly
aligned with the x axis, while four are partially aligned between x and y. Given the low z axis
alignment of these bonds, heavy participation of these species in uniaxial x tension can be
expected. Figures 18-20 show the progression of bond breakage in these groups from the
beginning of the test to the inception of failure.

Figure 18: The Ca(II)-OH bonds present around a hydroxyl channel in the fracture zone prior to application of uniaxial x
tension.
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Figure 19: The Ca(II)-OH bonds around the same hydroxyl channel as in Fig. 18 just prior to the inception of failure. Loss of
bond density can be seen in the circled areas.

Figure 20: The Ca(II)-OH bonds as shown in Fig 18 and 19, visualized just prior to the inception of failure in the XZ plane.
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As expected, the bond breakage can be observed in the Ca(II)-OH bond groups which are
the most aligned with the x axis (see Figures 16 and 17). Bond stretching is also apparent in the
groups that show partial x alignment, indicating their participation in load bearing.
Premature breakage of Ca(II)-O(I) groups was observed to cause deviation from the
initial elastic slope at a strain of ε=0.055. Given that the geometry of these groups is tied to the
hexagonal Ca(II) orientation about a given central hydroxyl channel, geometric alignment was
found to play a role in their participation as well. Figures 21 and 22 show the progression of
bond breakage in these groups between the beginning of the test and the inception of failure.

Figure 21: Ca(II)-O(I) bonds surrounding a hydroxyl channel in the fracture zone prior to the application of uniaxial x tension.
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Figure 22: The Ca(II)-O(I) bonds as in Fig.21 prior to the inception of failure.

The Ca(II)-O(I) bonds which were aligned mostly with the x axis or roughly evenly
between the x and y axes show complete breakage (see Figures 21 and 22). Those aligned mostly
with the y axis show no breakage and negligible stretching, confirming that bond participation in
deformation behavior is largely dependent on bond orientation.
Much like the case of x-direction uniaxial tension, y-direction uniaxial tension in HAP
shows an elastic region with a primary and secondary slope prior to the inception of material
failure and eventual fracture propagation. Figure 23 shows the stress-strain curve for tensile
loading in y direction. The atomic snapshots of the points A-E on the graph are shown to discuss
the deformation mechanisms associated with the mechanical behavior at each point.
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Figure 23: The stress/strain curve for HAP in y-direction uniaxial tension. Points of interest with respect to deformation
behavior are labeled.

While the crystal in y-direction uniaxial tension behaves similarly to the x-direction case,

the material performs in a superior manner, undergoing more strain prior to the inception of
failure. The inception of failure also occurs at a higher stress.
Figure 24 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. Again, the highest shear strain exists in the
immediate vicinity of each hydroxyl group prior to the inception of failure.
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Figure 24: Shear strain in the HAP structure under uniaxial y tension. From low to high: blue-green-yellow-orange-red.
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Figure 25 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in uniaxial y tension. Images of respective
bonds at labeled points of interest are provided in reference to Figure 23.
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Figure 25: Images of covalently bonded species at points of interest for y-direction uniaxial tension.

Figures 26 and 27 show the ionically bonded species as observed throughout the

deformation of the crystal in uniaxial y tension. Images of respective bonds at labeled points of
interest are provided in reference to Figure 23. Figure 26 shows the ionically bonded Ca(I)-O(I),
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Ca(I)-O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 27 shows the ionically bonded Ca(II)O(I), Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 26: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for y-direction uniaxial tension.
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Figure 27: Images of Ca(II) ionically bonded species at points of interest for y-direction uniaxial tension.

No bond breakage in covalently bonds species was observed for this loading case,
meaning that breakage of ionic or secondary bonds is likely responsible for the observed
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deformation behavior (see Figure 25). The shape of all phosphate and hydroxide groups in the
fracture zone was maintained past the point of fracture.
Much like the case for uniaxial tension in x-direction, observed breakages between the xy planar Ca(II)-O(I) and the longer Ca(II)-O(III) groups at point B cause a change in slope from
the initial elastic region. As with x uniaxial tension, the breakage of Ca(II)-O(I) groups varies
with bond orientation relative to loading direction (see Figure 27). The inception of failure is
marked by the breaking of planar Ca(II)-O(II) and Ca(I)-O(III) groups with significant ydirection orientation (see Figure 27). Additionally, the fracture of Ca(I)-O(I) and longer Ca(II)O(III) groups with significant z-direction orientation was observed at the inception of failure.
The superior mechanical properties compared to uniaxial x-direction tension despite similar
deformation mechanisms can be explained by the maintenance of Ca(II)-OH bonds, which allow
for the hexagonal arrangement of Ca(II) atoms to maintain position around the hydroxyl columns
until large scale planar Ca(II)-O(II) bond fracture is observed.
Six Ca(II)-O(II) bonds exist around any given hydroxyl group, of which two have
significant y orientation and four have split x-y orientation. These bonds are shown in Figures 28
and 29, which show the progression of bond breakage in Ca(II)-O(II) bonds with almost
complete y direction orientation.
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Figure 28: The Ca(II)-O(II) bonds around a hydroxyl channel in the fracture zone prior to the application of uniaxial y tension.

Figure 29: The Ca(II)-O(II) groups as in Fig. 28 at the inception of failure. The observable bond breakage exists only in the
bond groups that are directly oriented along the y axis.
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The presence of highly y-oriented Ca(II)-O(II) groups in the direct vicinity of maintained
Ca(II)-OH bonds allows for higher stress to be tolerated in y tension prior to failure (see Figure
28 and 29), while the partial y orientation of the majority of Ca(II)-O(II) bonds allows for
significant uniaxial y-deformation before bond fracture.
Figure 30 shows the stress-strain curve for tensile loading in Z direction. The atomic
snapshots of the points A-E on the graph are shown to discuss the deformation mechanisms
associated with the mechanical behavior at each point. Uniaxial tension in z shows a lower
modulus of resilience and also lower stress at the inception of failure. The large portion of the
curve in which the stress slowly reduces after fracture is due to scission of ionic bonds as the
fracture zone grows following initial failure. This does not likely replicate any actual material
effect and is a consequence of the force field used.

Figure 30: The stress/strain curve for HAP in z-direction uniaxial tension. Points of interest with respect to deformation behavior
are labeled.

Figure 31 shows the progression of global atomic shear throughout the listed points of

interest for observed deformation behavior under uniaxial z tension. High shear strain exists local
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to hydroxyl columns in this case, although the distinction is less clear. It can be observed that
after the inception of failure, the atomic shear strain in the material does not encompass a
specific region or apparent shear band, but it is widely distributed.
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Figure 31: Shear strain in the HAP structure under uniaxial z tension. From low to high: blue-green-yellow-orange-red.
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Figure 32 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in uniaxial z tension. Images of respective
bonds at labeled points of interest are provided in reference to Figure 30.
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Figure 32: Images of covalently bonded species at points of interest for z-direction uniaxial tension.

P-O(III)
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Consistent with the other tensile loading cases, no covalently-bonded chemical groups are
broken in uniaxial z-tension. However, significant dissociation of hydroxide columns can be seen
following the inception of failure despite loading parallel to the column height. This is indicative
of intermolecular bond breaking allowing for chemical species to move more freely as tensile
force is continuously applied to the crystal.
Figures 33 and 34 show the ionically bonded species as observed throughout the
deformation of the crystal in uniaxial z tension. Images of respective bonds at labeled points of
interest are provided in reference to Figure 30. Figure 33 shows the ionically bonded Ca(I)-O(I),
Ca(I)-O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 34 shows the ionically bonded Ca(II)O(I), Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 33: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for z-direction uniaxial tension.
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Figure 34: Images of Ca(II) ionically bonded species at points of interest for z-direction uniaxial tension.

The inception of failure for z-direction uniaxial tension is not accompanied by the
fracture of any bond groups with x-y planar character and is instead marked by fracture of the
Ca(I)-O(II) groups and both variants of the Ca(II)-O(III) group. This is unsurprising given that
the aforementioned groups have orientations with their lengths stretching along the z-axis. The
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lack of fracture in x-y planar groups can be explained by the fact that the lengthening of z-planar
groups was significant enough to cause breakage prior to compressive dissociation due to the
Poisson effect. The high initial stiffness seen in this loading case is likely due to the large
number of bonds supporting the load prior to fracture of the shorter Ca(II)-O(III) groups, which
are the groups most aligned with the z-axis. The premature fracture of these groups, combined
with the reduced load-carrying capacity of the crystal, likely resulted in the low stress and elastic
strain values seen at the inception of failure.
It is not known at this time why the Ca(I)-O(I) groups did not undergo fracture, although
it is postulated that phosphate group rotation that may have caused these fractures was stopped
by the earlier breaking of the shorter Ca(II)-O(III) bond species. The Ca(I)-O(II) bonds were
likely seen to undergo fracture anyways due to a higher initial length and higher bond angle.
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4.1.2. Deformation Mechanisms in Uniaxial Compression
The study of uniaxial compression in the x, y, and z directions did not lend itself to the
use of bond visualization using the method described for tension. This is largely due to the atoms
in a compressive system being moved within the cutoff radius for bond formation in OVITO,
meaning that bonds would not be shown as broken. Extrapolation of the results from uniaxial
tension in each loading direction was effectively utilized to identify species of interest in
compressive behavior. This allowed for the elucidation of compressive deformation mechanisms
for each loading direction.
Figure 35 shows the stress-strain curves of the compression along X,Y, and Z directions
at 10 K. The stress increases to a maximum value after which we see a stress drop due to the
generation of defects in the crystal.

Figure 35: The stress-strain relationships for the perfect HAP crystal loading in uniaxial compression along the x, y, and z axes
at 10K.

In uniaxial compression, the x direction possesses both the lowest failure stress and

failure strain at 10K. The z direction proves to have the highest failure stress and failure strain.
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Deviations from linear behavior in the x and z directions are visible after an initial linear elastic
region. To identify the material behavior responsible for these deviations, tensile deformation
mechanisms were used to identify suspect bond species and the possible dissociation of these
species was investigated. Only groups that were proven to dissociate or undergo significant
changes are included in this section.
Figure 36 shows the stress-strain curve for compressive loading in the x direction. The
atomic snapshots of the points A-E on the graph are shown to discuss the deformation
mechanisms associated with the mechanical behavior at each point.

Figure 36: The stress/strain curve for HAP in x-direction uniaxial compression. Points of interest with respect to deformation
behavior are labeled.

Figure 37 shows the progression of global atomic shear throughout the listed points of

interest for observed deformation behavior. Starting with Point C, a relatively uniform atomic
strain distribution exists across the crystal prior to inception of failure, which can be seen to
occur at the right edge of the crystal at Point D (see Figure 37).
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Figure 37: Shear strain in the HAP structure under uniaxial x compression. From low to high: blue-green-yellow-orange-red.
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In uniaxial x compression, HAP undergoes a loss of stiffness (Ref. Fig 36) between an
elastic strain of 0.075 (point B) and 0.10 (point C) prior to regaining the same slope before the
inception of failure. High shear strain in the atoms surrounding the hydroxyl channels can be
seen developing at these points (see Figure 34 B). In uniaxial x tension, premature rupture of
Ca(II)-O(I) bonds and Ca(II)-O(III) bonds were found to be responsible for the loss of initial
elastic region slope. In this case, it can be seen that the shorter Ca(II)-O(III) bonds at the x
direction corners of the Ca(II) hexagonal array undergo an initial rotation prior to restoration of
alignment. This happens as the calcium atoms move closer to the oxygen atoms to which they
are bonded. This is possible because these groups are out of plane with one another along the z
axis. Figures 38-40 show this phenomenon, with the Ca(II)-O(III) groups in question circled in
white.
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Figure 38: The Ca(II)-O(III) groups surrounding a hydroxyl group in the fracture zone prior to application of any x compressive
strain. The edge groups which undergo an alignment change are circled in white.

Figure 39: The Ca(II)-O(III) groups from Fig. 35 at an applied x compressive strain of 0.075. The edge groups which undergo an
alignment change are circled in white.
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Figure 40: The Ca(II)-O(III) groups from Fig. 38-39 at an applied x compressive strain of 0.135. The edge groups which
undergo an alignment change are circled in white.

The forced rotation of these bonds temporarily reduces the elastic load-bearing response
of the crystal, since fewer bonds are present which are directly oriented with the x axis. This
effect is global, meaning that many bonds are involved in the phenomenon at once. Figure 41
demonstrates this global behavior. The Ca(II)-O(III) groups at the x-direction corners of each
hexagon can be seen to have the highest inherent atomic strain when hydrogen is excluded.
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Figure 41: The atomic shear strain (excluding hydroxyl groups) for the HAP crystal in uniaxial x-compression at an applied
strain of 0.10. The atomic shear strain can be seen to be highest in the Ca(II)-O(III) groups at the x-direction corners of each
hexagon.

Given that the oxygen atoms from neighboring phosphates are close for much of the

simulation and do not necessarily change interatomic distance from one another in the later
stages of elastic behavior, it may be concluded that failure is not due to coulombic repulsion
between oxygen groups. However, the calcium atoms from the rotated Ca(II)-O(III) bonds
continue to move closer to the phosphorus atoms in surrounding phosphate groups. This
eventually causes coulombic repulsion which precedes failure via the rotation of phosphate
groups and breakage of attached bonds. This phosphate group rotation and upsetting of Ca(II)O(III) bonds are shown at different steps in the deformation process in Figures 42-44.
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Figure 42: The 3 phosphate groups surrounding a Ca(I) atom at an applied x compressive strain of 0.11. The central Ca(II)
column is circled, while the O(III) groups are marked with arrows.

Figure 43: The phosphate groups as in Fig. 39 at an applied x compressive strain of 0.13. Rotation of phosphate group with
shifting Ca(II)-O(III) bond is visible. The central Ca(II) column is circled, while the O(III) groups are marked with arrows.
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Figure 44: Phosphate groups as in Fig. 39-40 at the inception of failure. Applied x compressive strain of 0.135. The central
Ca(II) column is circled, while the O(III) groups are marked with arrows.

It was found that phosphate group rotation as a result of Ca(II)-O(III) bond movement

and electrostatic repulsion between the Ca(II) atom and phosphorus atom in phosphate caused
the Ca(I) column between three neighboring phosphates to divide into two sections (see Figures
42-44). This dissociation did not show calcium atoms shifting with the rotating phosphate group
in question as they shifted with the other two phosphate groups. As a result, likely fracture of the
ionic Ca(I)-O(III) bond with the rotated phosphate has occurred, signaling material failure.
Distinct shear bands within the crystal form as the compression is allowed to continue
past the point of failure. These shear bands are shown Figure 45. They cross one another within
the XZ and YZ planes, although the planes appear to be separated by a relatively consistent
distance. This is indicative of the presence of preferred deformation directions in this loading
direction.
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Figure 45: Shear bands visible in uniaxial x-compression using atomic strain.

Figure 46 shows the stress-strain curve for compressive loading in the y direction. The
atomic snapshots of the points A-C on the graph are shown to discuss the deformation
mechanisms associated with the mechanical behavior at each point.
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Figure 46: The stress/strain curve for HAP in y-direction uniaxial compression. Points of interest with respect to deformation
behavior are labeled.

Figure 47 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. At Point B, the highest atomic strain excluding
hydroxyl groups is visible at the edges of the Ca(II) hexagonal arrays. This phenomenon is
global and seen to precede uniform failure across the crystal at Point C (see Figure 47).
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Figure 47: Shear strain in the HAP structure under uniaxial y compression. From low to high: blue-green-yellow-orange-red.
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In uniaxial y compression, it was found that the elastic region has a relatively constant
slope, with no detectable events causing a difference in behavior prior to the inception of failure.
The failure itself is global, with no clear inception region. The cause of failure appears to be
related to the increased atomic strain found in calcium atoms at Ca(II)-O(II) bond sites with bond
orientation directly along the y-axis. Figure 48 displays this phenomenon across different steps
of the deformation process.

Figure 48: Atomic shear strain image of Ca(II) sites, hydroxyl oxygens, and surrounding phosphates. No y compressive strain is
applied in the left-most image. Applied y compressive strains are 0.065 in the central image and 0.14 in the right-most image,
respectively.

Upon application of compressive strain in the y direction, the shift of Ca(II) atoms which

have y directional Ca(II)-O(II) bonds is apparent, as they possess the highest atomic strain (see
Figure 48). The Ca(II) atoms and the surrounding phosphate groups do not rotate away from one
another, indicating that these bonds do not break. As the Ca(II)-O(II) bonds are maintained, the
Ca(II) atoms begin to displace the hydroxyl groups that they are also bonded to. This occurs as
the phosphate groups that contribute O(II) groups to the Ca(II)-O(II) bonds grow closer to the
phosphate groups that provide the shorter Ca(II)-O(III) bonds to the calcium atoms of interest.
This behavior continues until fracture with no preexisting group dissociation, indicating that
global ionic repulsion between phosphate groups and Ca(II) atoms with H atoms is responsible
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for material failure. It was also observed that no shear bands existed as compression was
continued following failure, indicating no preferred deformation directions in this case. Figure 49
shows the uniform distribution of atomic strain following complete fracture.

Figure 49: Shear bands visible in uniaxial y-compression using atomic strain.

Figure 50 shows the stress-strain curve for compressive loading in the z direction. The
atomic snapshots of the points A-E on the graph are shown to discuss the deformation
mechanisms associated with the mechanical behavior at each point.
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Figure 50: The stress/strain curve for HAP in z-direction uniaxial compression. Points of interest with respect to deformation
behavior are labeled.

Figure 51 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. A relatively uniform atomic strain distribution exists
across the crystal prior to inception of failure at all points. At Point E, failure can be seen to be
uniform across the crystal (see Figure 51 E).
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Figure 51: Shear strain in the HAP structure under uniaxial z compression. From low to high: blue-green-yellow-orange-red.
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For the case of uniaxial compression in the z direction, it is clear that an initial reduction
of slope takes place outside of the initial elastic region at strains exceeding ε=0.06 (see Figure
49). Given that no significant Poisson effect was observed such that failure occurred due to bond
breakage in the XY plane, HAP behavior in z-compression can be attributed solely to the
behavior of bonds containing a significant orientation along the z-axis.
Given that the shorter Ca(II)-O(III) bond has an orientation that is highly parallel with the
z axis compared to other bonds, the initial deformation of this bond is responsible for the initial
reduction in elastic response of the crystal. No other bond was found to undergo a significant
amount of deformation within the initial strain prior to ε=0.055. The deformation undergone by
the shorter Ca(II)-O(III) bond over this period is shown in Figures 52 and 53.

Figure 52: The shorter Ca(II)-O(III) bond species prior to any applied z compressive strain. The bond angle and end-to-end
distance for the two oxygen atoms are shown.
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Figure 53: The shorter Ca(II)-O(III) bond species at an applied z compressive strain of 0.055. The bond angle and end-to-end
distance for the two oxygen atoms are shown.

The constitutive response of the crystal increases again after the initial decrease, albeit

somewhat slowly. This is attributed to the fact that bonds are not being directly compressed,
since none are directly aligned with the z-axis. However, increasing ionic repulsion as the bonds
with significant z-alignment have their ends brought closer together explains both the increased
constitutive response prior to fracture and the shape of the stress-strain curve as the slope
increases. Figures 54 and 55 show the deformation of Ca(I)-O(I) bonds from the beginning of the
test to the inception of failure. Likewise, Figures 56 and 57 do the same for Ca(I)-O(II) bonds.
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Figure 54: The Ca(I)-O(I) bond species prior to applied z compressive strain. The bond angle and end-to-end distance for the
two calcium atoms are shown.

Figure 55: The Ca(I)-O(I) bond species at the inception of failure. The bond angle and end-to-end distance for the two calcium
atoms are shown.
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Figure 56: The Ca(I)-O(II) bond species prior to applied z compressive strain. The bond angle and end-to-end distance for the
two calcium atoms are shown.

Figure 57: The Ca(I)-O(II) bond species at the inception of failure. The bond angle and end-to-end distance for the two calcium
atoms are shown.
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While Figures 52-57 provide clear evidence that the Ca(I)-O(I), Ca(I)-O(II), and shorter
Ca(II)-O(III) bonds are all significantly affected by compression in the z direction, the longer
Ca(II)-O(III) bond is relatively unaffected. Figures 58 and 59 show the longer Ca(II)-O(III) bond
at the beginning of the test and the inception of failure, respectively.

Figure 58: The longer Ca(II)-O(III) bond species prior to any applied z compressive strain. The bond angle and end-to-end
distance for the two oxygen atoms are shown.
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Figure 59: The longer Ca(II)-O(III) bond species at the inception of failure. The bond angle and end-to-end distance for the two
oxygen atoms are shown.

When viewed as a bulk crystal, the continued flattening of oxygen groups between planes

of phosphorus atoms is visible until delocalized fracture occurs throughout the crystal. These
oxygen groups appear to flatten as the polyhedra which contain them undergo angular changes at
their vertices due the applied z compressive strain. This phenomenon is shown in Figures 60-62.

81

Figure 60: The XZ plane of the HAP crystal prior to any applied z compressive strain. The undisturbed layers show flat planar
arrays with intermittent atoms and apparent “loops” of red oxygens.

Figure 61: The XZ plane of the HAP crystal at the inception of failure, The atoms which existed in “loops” between flat planes
have been flattened, and the layers are very close.
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Figure 62: Catastrophic crystal failure resulting from coulombic repulsion between the layers of atom which became too close.
The abundance of oxygen in these layers makes it the suspected source of high repulsion.

Given that the inception of failure was found to be global, no preferential shear bands

were found in the crystal under uniaxial z compression. Figure 63 shows the even distribution of
atomic strain throughout the crystal after fracture, which is indicative of no distinct shear
direction preference.
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Figure 63: HAP crystal after failure in uniaxial z compression. No distinct shear bands are visible.

84
4.1.3: Deformation Mechanisms in Uniplanar Shear
Figure 64 shows the stress-strain curves of the uniplanar shear loading cases for XY, XZ,
and YZ at 10 K. The stress increases to a maximum value, after which we see a stress drop due
to the generation of defects in the crystal. For XY and YZ shear, a sharp momentary change in
slope after an initial elastic region indicates that some mechanism of weakening is present in the
material, prior to the inception of failure. XY and XZ shear are comparable in stress and
deformation at inception of failure, with XZ being superior in both. YZ shear shows the lowest
stress at the inception of failure but has slightly more deformation at that point than XY or XZ
shear.

Figure 64: The stress-strain relationships for the perfect HAP crystal loading in uniplanar shear in XY, XZ, and YZ at 10K.
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Figure 65 shows the stress-strain curve for shear loading in XY. The atomic snapshots of
the points A-F on the graph are shown to discuss the deformation mechanisms associated with
the mechanical behavior at each point.

Figure 65: The stress/strain curve for HAP in XY uniplanar shear. Points of interest with respect to deformation behavior are
labeled.

In the case of XY uniplanar shear, a large elastic deformation regime was observed prior

to a sharp decrease in slope and a subsequent lesser constitutive response in the crystal (see
Figure 65).
Figure 66 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. Prior to material failure, low atomic shear strain in
the center of the XY plane was observed to give way to higher atomic shear strain and clear
shear bands prior to and after fracture (see Figure 66 E and F).
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Figure 66: Shear strain in the HAP structure under uniplanar XY shear. From low to high: blue-green-yellow-orange-red.
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Figure 67 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in uniaxial XY shear. Images of respective
bonds at labeled points of interest are provided in reference to Figure 65.
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Figure 67: Images of covalently bonded species at points of interest for XY uniplanar shear.

P-O(III)
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No covalently bonded species were observed to fracture during XY shear loading.
Furthermore, the shape of phosphate and hydroxyl groups in the fracture zone was preserved.
This indicated that the bonds ruptured at the initiation of fracture were either ionic or secondary
in nature.
Figures 68 and 69 show the ionically bonded species as observed throughout the
deformation of the crystal in XY shear. Images of respective bonds at labeled points of interest
are provided in reference to Figure 65. Figure 68 shows the ionically bonded Ca(I)-O(I), Ca(I)O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 69 shows the ionically bonded Ca(II)-O(I),
Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 68: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for XY uniplanar shear.

90

Bond
Point

Ca(II)-O(I)

Ca(II)-O(II)

Ca(II)-O(III)

A

(ε=0)
Point B
(ε=0.2
5)

Point C
(ε=0.2
8)

Point
D
(ε=0.3
6)
Point E
(ε=0.4
6)

Point F
(ε=0.5
2)

Figure 69: Images of Ca(II) ionically bonded species at points of interest for XY uniplanar shear.

Ca(II)-O(III)
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As visible in Figure 68, rupture of Ca(I)-O(III) and Ca(I)-O(I) bond species at point C
(see Figure 65) is present following the sharp decrease in elastic slope prior to point B. While
these bonds are not shown as explicitly broken at point B, they are visibly stretched. Due to the
methods used to visualize bond breakage, these bonds were allowed to be 125% of their original
length at point B. Given that the method used is coarse in the case of shear and likely
overestimates the bond length, these bonds are the likely cause of the loss in elastic slope prior to
point B. They are reasonably believed to be fractured at point B as well as point C.
The rebonding shown in the Ca(I)-O(I) groups at point D is likely due to the coarseness
of the method used, since they are visibly stretched in the same locations that are shown as
broken at points C and E. The irregular rebonding observed in Ca(I)-O(III) and Ca(II)-OH
groups at point E is due to the bond cutoff imposed in OVITO at 146% of the original bond
length and is not realistic or of relevance to this study.
Limited fracture of Ca(II)-O(II) groups is observed at the inception of failure, although
this is limited to groups that are directionally oriented so as to be stretched by presence of their
bonded atoms entering the shear band. The lack of observable stretching or shape loss in any
other Ca(II) group and the breakage of Ca(I)-O(III) groups at the inception of failure has led to
the finding that fracture in XY shear does not heavily involve Ca(II) bonds. This fracture can be
observed to initiate and proceed via rotation of Ca(I) groups, whose surrounding bonds break as
the shear band forms.
The relatively low deformation at the inception of failure in XY shear may be explained
by the fact that the deformation mechanisms present rely heavily on Ca(I) bonds. These groups
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are separated by portions of Ca(II) hexagonal array within the crystal, which have limited
involvement in actual deformation. Given that the intermittent arrays of Ca(II) atoms do not have
bonds which handle a significant portion of crystallographic shear deformation compared to
Ca(I) bonds, limited yield deformation at the inception of failure may be expected.
The high elastic stiffness of the crystal in XY shear compared to XZ or YZ shear is
suspected to be due to the high number of Ca(I) bonds involved at the inception of failure and the
maintenance of most Ca(II) bonded groups. The constitutive response of the crystal between
point C and the maximum stress mirror that of the elastic region, and atomic shear strain at point
D is seen to be globally distributed with the highest values at the midline of the Ca(II) hexagonal
arrays. Forced phosphate rotation prior to the inception of failure eventually causes failure of
Ca(I)-O(I) and Ca(I)-O(II) bonds. However, the maintenance of these groups until failure and the
ability of favorable oriented Ca(II)-OH, Ca(I)-O(I), and Ca(II)-O(III) to carry load without
considerable deformation is likely responsible for the high stiffness observed.
Figure 70 shows the stress-strain curve for shear loading in XZ. The atomic snapshots of
the points A-E on the graph are shown to discuss the deformation mechanisms associated with
the mechanical behavior at each point.
In the case of XZ uniplanar shear, a large elastic region was observed during loading
prior to a slight drop in constitutive material response prior to a subsequent slope increase
commensurate with that of the elastic region (see Figure 70). Following this increase, behavior
was maintained until the inception of failure.
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Figure 70: The stress/strain curve for HAP in XZ uniplanar shear. Points of interest with respect to deformation behavior are
labeled.

Figure 71 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. Low variations in atomic shear strain were observed
globally in the crystal prior to failure, after which distinct preferential shear bands were observed
in the material (see Figure 71 E).
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Figure 71: Shear strain in the HAP structure under uniplanar XZ shear. From low to high: blue-green-yellow-orange-red.
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Figure 72 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in XZ shear. Images of respective bonds at
labeled points of interest are provided in reference to Figure 70.
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Figure 72: Images of covalently bonded species at points of interest for XZ uniplanar shear.

P-O(III)
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No covalently bonded species were observed to fracture during XZ shear loading. Given
that all phosphate and hydroxyl groups observed maintained their respective shapes at the
inception of failure and during fracture, bond rupture during fracture was observed to be either
ionic or secondary in nature.
Figures 73 and 74 show the ionically bonded species as observed throughout the
deformation of the crystal in uniaxial z tension. Images of respective bonds at labeled points of
interest are provided in reference to Figure 70. Figure 73 shows the ionically bonded Ca(I)-O(I),
Ca(I)-O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 74 shows the ionically bonded Ca(II)O(I), Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 73: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for XZ uniplanar shear.
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Figure 74: Images of Ca(II) ionically bonded species at points of interest for XZ uniplanar shear.

No apparent fracture in any Ca(I) groups was observed prior to the inception of failure,

but this is unlikely in reality given that extensive stretching of Ca(I)-O(I) and Ca(I)-O(II) groups
is observed at point D (see Figure 73). Given the coarse analysis method used and stretching
observed, the rupture of these bond species is likely during YZ shear at the inception of failure.
This can be confirmed further via analysis of bond geometry, given that these bonds have
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significant Z orientation and can be stretched along X or Y by shear depending on their
crystallographic orientation relative to the rest of the lattice.
Irregular bonding observed prior to fracture in the OH groups was due to the bond length
cutoff in OVITO and was not considered in this study. This represents no real physical
phenomenon and is a consequence of the tools and methods used.
Fracture of the longer Ca(II)-O(III) bond species can be observed at point C, with
stretching apparent at point B and no subsequent rebonding observed after fracture (see Figure
74). This early bond rupture is believed to be responsible for the behavior of the crystal at point
B. However, the restored constitutive material response seen from point C to the inception of
failure shows that bond rupture in this species is local in nature or that the load-carrying ability
of these bonds becomes negligible after a certain point.
The relatively high stress at the inception of failure observed in XZ shear may be
attributed to the fact that only bonds with significant Z orientation are seen to be involved. Much
the case of uniaxial z tension, the involvement of these bonds may be seen to lend strength to the
material. However, these bonds are not stretched as rapidly relative to the loading direction in
this case, leading to delayed fracture.
Figure 75 shows the stress-strain curve for shear loading in YZ. The atomic snapshots of
the points A-E on the graph are shown to discuss the deformation mechanisms associated with
the mechanical behavior at each point.
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Figure 75: The stress/strain curve for HAP in YZ uniplanar shear. Points of interest with respect to deformation behavior are
labeled.

Uniplanar YZ shear loading of HAP was observed to result in the lowest stress at

inception of failure and highest strain at inception of failure of any shear loading case. As in XY
and XZ shear, a large elastic region was observed prior to a drop in constitutive response of the
crystal (see Figure 75). A subsequent constitutive response was observed with a lesser slope than
that of the elastic region, with a maximum stress prior to fracture.
Figure 76 shows the progression of global atomic shear throughout the listed points of
interest for observed deformation behavior. Globally distributed atomic shear strain was
observed, with no clear preferred shear bands present after fracture (see Figure 76 D and E).

Point A (ε=0)

Point B (ε=0.24)

Point C (ε=0.26)

(A)
Point D (ε=0.52)

(B)
Point E (ε=0.57)

(C)

(D)

(E)

Figure 76: Shear strain in the HAP structure under uniplanar YZ shear. From low to high: blue-green-yellow-orange-red.
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Figure 77 shows the covalently bonded O-H, P-O(I), P-O(II), and P-O(III) species as
observed throughout the deformation of the crystal in YZ shear. Images of respective bonds at
labeled points of interest are provided in reference to Figure 75.
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Figure 77: Images of covalently bonded species at points of interest for YZ uniplanar shear.

No bond rupture in covalently bonded species was observed during YZ shear loading,

and all phosphate and hydroxyl groups within the fracture zone maintained their shape. Ionic or
secondary bond rupture was found to be responsible for material failure in this case.

103
Figures 78 and 79 show the ionically bonded species as observed throughout the
deformation of the crystal in YZ shear. Images of respective bonds at labeled points of interest
are provided in reference to Figure 75. Figure 78 shows the ionically bonded Ca(I)-O(I), Ca(I)O(III), Ca(I)-O(III), and Ca(II)-OH groups. Figure 79 shows the ionically bonded Ca(II)-O(I),
Ca(II)-O(II), and both longer and shorter Ca(II)-O(III) groups.
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Figure 78: Images of Ca(I) and Ca(II)-OH ionically bonded species at points of interest for YZ uniplanar shear.
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Figure 79: Images of Ca(II) ionically bonded species at points of interest for YZ uniplanar shear.

The rupture of Ca(I)-O(II) and Ca(I)-O(III) at the inception of failure indicated their

participation in deformation at that point. However, the involvement of Ca(I)-O(I) bonds at the
inception of failure is likely, given the large asymmetric stretching observed in these groups at
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point D (see Figure 78). Furthermore, no bond rupture coinciding with points B or C was directly
observed, but stretching in the Ca(I)-O(III) groups indicates that they are likely the cause of the
loss in constitutive response observed.
The irregular bonding observed in hydroxyl groups in this case is due to the bond cutoff
in OVITO and coarseness of the methods used in bond analysis. No significant bond stretching
or rupture was observed in these groups, and this irregular bonding represents no real material
phenomenon.
The longer Ca(II)-O(III) bonds can be observed to have limited rupture at the inception of
failure. Furthermore, asymmetric stretching present in the shorter Ca(II)-O(III) bonds at point D
indicates that these species may also rupture as the material begins to fail (see Figure 79).
Given that crystal displays similar elastic stiffness for XZ and YZ shear, it is believed
that common deformation mechanisms involving heavy involvement of bonds with significant z
orientation are involved. Ca(I)-O(I), Ca(I)-O(II) bonds are believed to rupture in both, while the
longer Ca(II)-O(III) bonds are observed to rupture in both. The limited asymmetric stretching
(and suspected rupture) of the shorter Ca(II)-O(III) bonds in YZ shear may contribute to the
crystal’s slightly higher initial stiffness in this case. However, this may also be due to suspected
Ca(I)-O(III) bond involvement in YZ shear, which is likely responsible for the decreased
secondary constitutive response after point B in comparison to XZ shear.
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4.2

Effect of Temperature on Mechanical Properties of Perfect Monocrystalline HAP

4.2.1

Effect of Temperature on Tensile Mechanical Properties
Figure 80 shows the stress-strain curves for x, y, and z uniaxial tension at both 10K and

300K. It was observed that temperature had a significant effect on stress at inception of failure
and strain at inception of failure for all cases.

Figure 80: The stress-strain curves for x, y, and z uniaxial tension tests performed at temperatures of 10K and 300K for each
direction.

For tension in both the x and y directions, it was observed that stress and strain at the

inception of failure both decreased with increasing temperature. This is in good agreement with
the findings of Ou and Han. Given that the HAP sample being tested is a perfect crystal, the
effect of increasing temperature on increasing defect mobility and elastic strain is not relevant.
Each bond within the perfect crystal has a given energy well depth which must be exceeded to
break the bond and nucleate a defect. Constituent atoms which have more vibrational energy due
to increased temperature cause the crystal to expand, straining the pre-existing bonds. Due to the
extra energy afforded to each atom at higher temperatures, the bond energy well is more easily
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overcome. This means that the crystal will have to have lower strain energy contributed during
deformation before defects nucleate and fracture ensues.
It was found that the stress at inception of failure for the z direction decreased with
increasing temperature as expected. Contrary to the cases for x and y, the strain at inception of
failure in z uniaxial tension increased with increasing temperature. This is also in good
agreement with the results of Ou and Han, although this phenomenon was never elaborated upon
in that work. Given that the only bonds involved in deformation during z uniaxial tension are
those with significant z orientation (see Figures 32-34), the increased initial bond length due to
increased thermal energy may actually improve ductility. Consider that the direct alignment of
one of the involved bonds with the z axis increases as the interior angle of the bond increases.
The ionic bonds involved in the deformation are non-directional and may only be broken by
exceeding the attractive association distance between two ions. If a bond is longer along its
length, then the angular change associated at the central atom from the translation of an outer
atom is lower than that of a shorter bond (similar to the concept of arc length in a circle). Given
that interior angle increase in the involved bonds is slowed, the bonds do not stretch to their
terminal length until more translation of the outer atoms is created. Thus, the ductility of the
crystal is increased because only these bonds are shown to participate in its deformation.
The concept described in the preceding paragraph also lends credence to the decrease in
elastic stiffness in the z direction. Given that the bonds involved are not directly stretched as
quickly, the constitutive response of the material can be expected to be lower. Therefore, the
entire crystal will undergo more strain for a given applied stress since more of the bond
deformation in angular in nature for low strains. The elastic stiffness of the x and y directions did
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not change significantly since deformation in those directions is heavily reliant on bonds without
significant z orientation and bond stiffness does not change with temperature or applied load (see
Figures 16-17 and 26-27).
4.2.2

Effect of Temperature on Compressive Mechanical Properties
Figure 81 shows the stress-strain curves for x, y, and z uniaxial compression at both 10K

and 300K. As with tension, it was observed that temperature had a significant effect on stress at
inception of failure and strain at inception of failure for all cases.

Figure 81: The stress-strain curves for x, y, and z uniaxial compression tests performed at temperatures of 10K and 300K for
each direction.

Consistent with the findings of Ou and Han, the stress and strain at inception of failure

for all compressive loading cases decreased with increasing temperature. Given that coulombic
repulsion is the main reason for the failure of the HAP perfect crystal in compression, it can be
expected that increased atomic motion due to added thermal energy could bring atoms into
repulsive ranges of one another more quickly. This effect is most pronounced for the z direction,
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where the coulombic repulsion due to neighboring oxygen between atomic planes causes earlier
failure as increased vibrational atomic motion is allowed.

4.2.3

Effect of Temperature on Mechanical Properties in Shear
Figure 82 shows the stress-strain curves for x, y, and z uniaxial compression at both 10K

and 300K. As with tension and compression, it was observed that temperature had a noticeable
effect on stress at inception of failure and strain at inception of failure for all cases. However, the
effect of temperature on these quantities in XY and XZ shear are less significant than for YZ
shear.

Figure 82: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at temperatures of 10K and 300K for
each direction.
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Given that the analysis methods used did not provide a sufficiently clear picture of all the
deformation mechanisms that may be involved for shear, the effects of temperature on shear
behavior are difficult to explain.
However, it was found that the deformation mechanisms seen for z tension and z
compression were similar to those seen in YZ shear. While a large drop in stress at the inception
of failure did not occur in YZ shear as in z tension or z compression, the loss of strain at the
inception of failure is similar to the case of z compression. This can be explained by the fact that
the bonds involved in YZ shear deformation are not strongly aligned with the y axis or situated
directly in the XY plane. This allows for them to deform via a change of internal angle and slight
tension until coulombic repulsion causes fracture in the crystal due to closure of bond angle. It is
not known at this time why the XZ shear case does not behave more similarly to the case for YZ
shear, given the suspected involvement of similar bonds in both.
For XY shear, the loss of stress and strain at the inception of failure is due to the
increased equilibrium length of involved bonds at higher temperatures. The Ca(I) polyhedral
bonds involved are stretched effectively along their lengths under this type of loading, causing
premature fracture as the thermal energy of the system is increased.
4.3

Effect of Strain Rate on Mechanical Properties of Perfect Monocrystalline HAP

4.3.1 Effect of Strain Rate on Tensile Mechanical Properties
Figure 83 shows the stress-strain curves for x, y, and z uniaxial tension at 10K and strain
rates of 1e10 and 6e8. Figure 84 shows the stress-strain curves for x, y, and z uniaxial tension at
300K and strain rates of 1e10 and 6e8.
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Figure 83: The stress-strain curves for x, y, and z uniaxial tension tests performed at a temperature of 10K and strain rates of
1e10 and 6e8.

Figure 84: The stress-strain curves for x, y, and z uniaxial tension tests performed at a temperature of 300K and strain rates of
1e10 and 6e8.

For the considered cases of uniaxial tension, there appears to be no significant difference

in the effect of increasing the strain rate relative to a system at 10K or 300K. In neither case was
the strain rate seen to affect the initial elastic modulus for any test. Consistent with the results
obtained by Ou and Han, stress and strain at the onset of failure were seen to increase with
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increasing strain rate. However, the increases in stress at the inception of failure were modest
compared to the two orders of magnitude that the strain rate was increased. The increase in strain
at the inception of failure with increasing strain rate was relatively more substantial in each case.
Furthermore, a sharp fracture point is visible in every test run with a strain rate of 6e8 (see
Figures 83 and 84).
The sharp fracture points observed at both 10K and 300K for a lower strain rate of 6e8
indicate that defect nucleation is more favorable at lower strain rates. At a higher strain rate,
defect nucleation is inhibited due to the energetic disallowance of any structural relaxation. This
is due to the high rate at which strain energy is being input to the crystal. The inhibition of defect
nucleation at higher strain rates is evident in the rounded curve portions seen prior to fracture in
the tests run at a strain rate of 1e10 (see Figures 83 and 84). At this time, it is not evident that the
differing bond types responsible for directional deformation mechanisms play a significant role
in the strain rate effect observed.
4.3.2

Effect of Strain Rate on Compressive Mechanical Properties
Figure 85 shows the stress-strain curves for x, y, and z uniaxial tension at 10K and strain

rates of 1e10 and 6e8. Figure 86 shows the stress-strain curves for x, y, and z uniaxial tension at
300K and strain rates of 1e10 and 6e8.
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Figure 85: The stress-strain curves for x, y, and z uniaxial compression tests performed at a temperature of 10K and strain rates
of 1e10 and 6e8.

Figure 86: The stress-strain curves for x, y, and z uniaxial compression tests performed at a temperature of 300K and strain
rates of 1e10 and 6e8.

In all cases of uniaxial compression, an increase in both stress and strain at the inception

of failure are evident with increasing strain rate. This is likely due to the same mechanism
described previously, i.e., the inhibition of defect nucleation at high strain rates. Unlike the cases
for tension, however, a significant difference in the stress and strain at the inception of failure
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due to applied strain rate can be seen between the 10K and 300K cases. The increases seen in the
stress and strain values of concern with increasing strain rate are more modest at 300K (see
Figures 85 and 86). Given that coulombic repulsion is the main cause of monocrystalline HAP in
compression, the effect of strain rate may become dominated by this effect as the thermal energy
of the system is increased.
4.3.3

Effect of Strain Rate on Mechanical Properties in Shear
Figure 87 shows the stress-strain curves for x, y, and z uniaxial tension at 10K and strain

rates of 1e10 and 6e8. Figure 88 shows the stress-strain curves for x, y, and z uniaxial tension at
300K and strain rates of 1e10 and 6e8.

Figure 87: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at a temperature of 10K and strain rates
of 1e10 and 6e8.
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Figure 88: The stress-strain curves for XY, XZ, and YZ uniplanar shear tests performed at a temperature of 300K and strain
rates of 1e10 and 6e8.

As with the cases for compression and tension, increasing the applied strain rate in shear
increases the stress and strain observed at the inception of failure. While not as dominant as the
effect seen in compression, a clear difference in the effect of strain rate is visible between the
10K and 300K tests. This may indicate that the rotation of some groups in the HAP crystal
caused by the applied shear stress may cause coulombic repulsion to take place. However, more
work must be performed on the exact deformation mechanisms present in shear loading of
monocrystalline HAP before this can be confirmed.
4.4

Effect of Vacancy on Mechanical Properties of Monocrystalline HAP

The effect of a single V(Ca(II)2+--2V(OH-) vacancy pair on the mechanical properties of

HAP was considered for study, with the vacancy concentration kept at 4.529e19/cm 3 in an effort
to not approach the values found for the highest total vacancy concentration in HAP
(5.0e21/cm3) [16]. Figure 89 shows the average equilibrium potential energy difference between
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a perfect HAP single crystal and an HAP single crystal with a vacancy. This energy difference
after subtraction of the O-H bond energy was found to be 7.17 kcal/mol, which is within about
20% of the formation energy of a Ca(II)2+ vacancy in HAP according to DFT studies [16].

Figure 89: The average equilibrium potential energy difference between a perfect HAP crystal and one with a V(Ca(II) 2+-2V(OH-) vacancy pair, subtracting the effect of O-H bond exclusion.

Vacancy pairs were created as localized (L) and delocalized (DL), with the relative

effects of each type of localization compared to one another. Localized implies the proximity of
the individual vacancies to one another as direct neighbors, whereas delocalized vacancies are
random within the structure. The effect of stochasticity on results was taken into account by
randomizing the vacancy placement after each loading type was tested for one vacancy type and
location. Five total localized and delocalized vacancy samples were tested for each loading type.
4.4.1 Effect of Vacancies on Mechanical Properties of HAP in Tension
Figures 90-92 show the effect of adding a delocalized vacancy pair or localized vacancy
pair on the stress at the inception of failure of HAP loaded in tension. The delocalized values and
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localized values have error bars to show standard deviation and are compared to the perfect
monocrystalline (P) stress at the inception of failure for each respective loading direction.

Figure 90: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial x tension.

Figure 91: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial y tension.
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Figure 92: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial z tension.

The effect of vacancy addition is most pronounced in the z direction, slightly more so for

a delocalized vacancy pairing compared to a localized vacancy pairing. This is likely due to the
role of O-H bonds in carrying load in uniaxial z tension, since it has been proven that bond
orientation is significant in bond involvement. Due to global bond involvement in z tension, the
presence of a delocalized pairing causes a lower stress at the inception of failure than a localized
vacancy pairing because of the presence of multiple defect nucleation sites as opposed to one.
The effect of delocalized and localized vacancy inclusion relative to one another can be
seen to differ for x and y tension. The standard deviation for the effect of delocalized pairings on
the stress at the inception of failure is high for each relative to the localized pairing. The likely
cause of the relative difference of the effect of pairing styles between the two loading directions
is suspected to be caused by vacancy atom selection. The heavy involvement of the Ca(II) atoms
in the deformation mechanisms of both x and y tension may be to blame for this. It is possible
that a Ca(II) atom that bore more importance in y tension as opposed to x tension or vice versa
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was selected each time, and a larger sample size than five vacancies may be needed in each case
before a meaningful conclusion can be made.
4.4.2 Effect of Vacancies on Mechanical Properties of HAP in Compression
Figures 93-95 show the effect of adding a delocalized vacancy pair or localized vacancy
pair on the stress at the inception of failure of HAP loaded in compression. The delocalized
values and localized values have error bars to show standard deviation and are compared to the
perfect monocrystalline (P) stress at the inception of failure for each respective loading direction.

Figure 93: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial x compression.
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Figure 94: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial y compression.

Figure 95: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniaxial z compression

The effect of adding vacancy pairs in y or z compression is roughly the same, with

delocalized vacancy pairs causing a greater reduction in stress at the inception of failure in both
cases for the most part. This is likely due to the global failure response seen in these loading
cases, where coulombic repulsion caused failure across the entire crystal at once. The greater
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effect of delocalized vacancy placement can be explained by the fact than more areas of local
lattice strain are created in the crystal as opposed to localized vacancy placement. This is
essentially synonymous with the concept of three local defects being present in the crystal as
opposed to one.
Actual deformation mechanisms are likely the cause of the low effect of vacancy
placement on the failure stress of the crystal during uniaxial x compression. The direct
participation of bonds involving Ca(II) atoms in fracture was observed to be low. Instead, Ca(I)
atomic bonds were observed to participate, with Ca(II) group bonds only participating in fracture
after the inception of failure or on a very local basis where phosphate group rotation was very
high.
4.4.3 Effect of Vacancies on Mechanical Properties of HAP in Shear
Figures 96-98 show the effect of adding a delocalized vacancy pair or localized vacancy
pair on the stress at the inception of failure of HAP loaded in shear. The delocalized values and
localized values have error bars to show standard deviation and are compared to the perfect
monocrystalline (P) stress at the inception of failure for each respective loading direction.
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Figure 96: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniplanar XY shear.

Figure 97: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniplanar XZ shear.
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Figure 98: The effect of adding a delocalized (DL) or localized (L) vacancy pair on failure stress of HAP compared to a perfect
(P) HAP crystal for uniplanar YZ shear.

In XY shear, the observed effect of vacancy addition was low. It was found that the stress

at the inception of failure could be higher with the presence of vacancies, although strengthening
or weakening in any observed case was slight. The reason for this is not yet known, although
limited hydroxide group participation in XY shear was confirmed (see Figures 67 and 68) and is
likely the cause.
The deformation mechanisms present in XZ shear require more thorough investigation
prior explanation of the underlying reason for the high relative effect of vacancy addition in XZ
shear, although it is suspected that O-H bonds are significantly responsible for carrying load in
this case. The low standard deviation observed in the data indicate that vacancy addition is
consistently detrimental in this case, and the sample size of vacancy placements may not need to
be expanded.
In XZ shear, global deformation was confirmed with no clear shear band formation (see
Figure 76). The inclusion of vacancies is only slightly detrimental to the stress observed at the
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inception of failure, and a greater number of samples is likely needed to be run to verify the
relative effect of delocalized or localized vacancy configuration on the mechanical properties of
HAP in this case. The limited effect of vacancies observed may be due to the limited observed
participation of Ca(II)-O(III) bonds at failure, as well as the lack of observed O-H or Ca(II)-OH
bond participation at the inception of failure (see Figures 77-79).
4.5

Effect of Spherical Pore on Mechanical Properties of Monocrystalline HAP
In this study, we considered the effect of adding a spherical pore to monocrystalline HAP

and examining the resulting effect on stress observed at the inception of failure. It may be seen
that inclusion of a pore weakened the HAP crystal in all cases. This may be attributed to stress
concentration at the pore edges, which varies based on loading type. The pore size was adjusted
to have a radius of 3.75Å, 5Å, 7.5Å, and 15Å. In all cases where a pore was present, the stress at
the inception of failure in a given sample was correlated to the pore volume. In all figures
presented in this section, the axis label “Failure Stress” refers to the value of the stress measured
at the inception of failure.
Figure 99 shows the relationship between stress at the inception of failure and the pore
size for an HAP crystal at 10K with a pore at the center of the simulation cell. The relations
shown are for all loading cases considered previously in this study.
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Figure 99: The relationship between failure stress and pore volume for all loading cases considered in HAP at 10K with a
central spherical pore. XT denotes x direction uniaxial tension, XC denotes x direction uniaxial compression, and so on for the
other directions. XY, XZ, and YZ denote shear loading cases.

It can be seen from the curve slopes in Figure 98 that the relation between failure stress
and pore volume becomes linear after a certain pore size in many loading cases, but this must be
verified by computation of more intermediate pore size values. Figures 100-102 show the curves
from Figure 99 grouped by loading in tension, compression, and shear, respectively.
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Figure 100: The failure stress and pore volume relationship for uniaxial tensile loading at 10K of an HAP crystal with a central
spherical pore.

Figure 101: The failure stress and pore volume relationship for uniaxial compressive loading at 10K of an HAP crystal with a
central spherical pore.
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Figure 102: The failure stress and pore volume relationship for uniplanar shear loading at 10K of an HAP crystal with a central
spherical pore.

It may be observed that in uniaxial tension, the z direction is the least sensitive to initial

pore inclusion (see Figure 100), since a central pore would eliminate hydroxyl columns and
surrounding Ca(II) atoms first if large enough. This explains the large effect of the pore on x and
y tension as well as why z is stronger in tension after a certain pore size. It may be noted that as
the pore widens, convergence occurs between x and z tension. This may be explained by the fact
that the widening of the pore leads to the inclusion of Ca(I) atoms, which bond to surrounding
oxygens such that the majority of Ca(I) bonds have significant z orientation. Also of note is the
large drop in y direction tensile strength with the sheer presence of a pore, indicating that the
Ca(II)-OH bond may have a significant load-carrying role in this loading case.
In compression, the z direction proves the most sensitive to initial pore inclusion (see
Figure 101). The reason for this is not known at this time. However, it is speculated the initial
deletion of OH groups and surrounding Ca(II) sites causes uneven lattice strain as the remaining
unbonded atoms coulombically attract to nearby atoms of opposite charge. In this way, the

128
structure and initial orientation of phosphate groups in the pore zone may be altered, leading to
earlier instances of coulombic repulsion between neighboring groups. The regaining of strength
in z at a pore size of 7.5Å in radius seems to support this conclusion, since elimination of more
groups may, to a certain extent, eliminate those groups in which strain at a pore size of 5Å was
present without eliminating a significantly greater number of strength-contributing bonds.
In shear, YZ loading is the least sensitive to pore inclusion. It also was observed that XY
shear becomes stronger than XZ shear above a given pore size (see Figure 102). While the
understanding of YZ and XZ shear deformation mechanisms requires further study, it is
postulated that HAP under XY shear loading becomes stronger than under XZ loading above a
certain pore size due to the diversity of bonds that are involved in XY shear deformation. While
the bonds involved in YZ shear deformation are equally diverse, the low effect of pore inclusion
may be due to the absence of preferred shear bands during fracture in this case.
Figure 103 shows the relationship between stress at the inception of failure and pore
volume for compressive loading at 10K and 300K. Porosity was not considered for tensile
loading at 300K due to direct tensile loading of HAP at 300K not being typical in applications.
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Figure 103: The relationship between failure stress and pore volume for compressive loading and 10K and 300K.

It was found that the sensitivity of the stress at the inception of failure to pore inclusion

did vary with temperature, although the change observed was also dependent on the direction of
applied compressive strain. This indicates a possible dependence on pore location, since the
curve slope between two given points for the same compressive loading at different temperatures
was not always consistent. Figure 104 shows the effect of pore location stochasticity on the stress
at inception of failure observed in compressive loading for pores with radii of 3.75Å and 5Å. Five
pore locations at each size were tested, with each individual pore location being consistent
between sizes tested.
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Figure 104: The relationship between failure stress and pore volume for HAP in compression at 300K with a varying pore
location for pore with radii of 3.75Å and 5Å.

It was found that the effect of pore location on stress at the inception of failure grew with

pore size, although the magnitude of this effect varied based on the loading direction chosen.
Further work is needed to see if this upward trend continues. However, the dependence of the
standard deviation on loading type is promising evidence for the existence of different
deformation mechanisms being present between loading types. This is due to the fact that the
pore locations chosen were tested in each loading direction shown.
Figure 105 shows the relationship between stress at the inception of failure and pore size
for each of the shear loading cases considered at 10K and 300K.
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Figure 105: The relationship between failure stress and pore volume for shear loading and 10K and 300K.

It was found that the relationship between stress at the inception of failure and pore size
again varied in the same fashion discovered for compressive loading at varying temperature. The
effect of pore location stochasticity in shear loading for pores with radii of 3.75Å and 5Å is
shown in Figure 106. Five pore locations at each size were tested, with each individual pore
location being consistent between sizes tested.
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Figure 106: The relationship between failure stress and pore volume for HAP in shear at 300K with a varying pore location for
pore with radii of 3.75Å and 5Å.

Again, it was found that the magnitude of the effect of pore location on stress at the

inception of failure grew with pore size. Further work is needed to verify whether this trend
continues or converges. The effect of pore location and pore size on the mechanical properties of
HAP appears to be complex and warrants further investigation based on the types of atomic
species and bond species removed, as well as coulombic charge imbalances imposed upon the
system in each case.

CHAPTER 5: FUTURE WORK
As addressed previously in this work, more detailed analysis of deformation mechanisms
present in shear loading must be and will be performed. Fracture zone analysis of certain
chemical species may be performed in MD by measuring the bonded and nonbonded energies of
the groups of interest as well as the interatomic distances. The use of radial distribution functions
may also be utilized to accomplish this task.
The effect of stochasticity on pore location for 15A and possibly 20A pores will be
investigated to examine whether the effects of stochasticity on mechanical properties begin to
converge as the pore size is increased.
The effect of different types of vacancy pairs on the mechanical properties of bulk
hydroxyapatite will be investigated. This is intended as a stepping stone to examining the effect
of different dopants on the HAP system. The work that was performed on V(Ca(II) 2+)--2V(OH-)
vacancy pairs was intended to provide initial results on the possible effect of structural
modifications of HAP as well as the accuracy of the force field chosen in terms of energetic
replication of vacancies.
Using the data collected from the effects of V(Ca(II)2+)----(2V(OH-) ) vacancy pairs on
the mechanical properties of bulk HAP, the effect of ionic lithium dopants on HAP mechanical
properties will be investigated. Computational resources at Argonne National Lab have been
secured for this task. Furthermore, all models of Li-doped HAP have been constructed using
Materials Studio 2017 and are ready for use. The determination of proper lithium Van der Waals
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constants and ionic partial charge is necessary to achieve the most accurate results in this
undertaking.

CHAPTER 6: CONCLUSION
MD simulations were performed in LAMMPS to determine the mechanical properties of
bulk HAP. The CVFF Interface potential was used to model the interactions between atoms in
the HAP unit cell. Post processing tools in OVITO were used to determine nanoscale
deformation mechanisms in HAP under different types of loading. To date, no other works have
investigated the specific nanoscale deformation mechanisms present in bulk HAP under loading.
It was found that specific bond orientation and geometry determined bond involvement in
tension, compression, and shear. This was found to be true even between bonds of the same type.
No covalent bonds were found to break in bulk HAP, indicating that ionic bond breakage was
responsible for material failure in every case. Strong asymmetry for tension and compression of
HAP was found in terms of material behavior and deformation mechanisms. The deformation
mechanisms present in shear are not believed to have been effectively discovered at this point in
time and require more investigation.
The effect of temperature on the mechanical properties of HAP was studied. It was
determined that the stress and strain at the inception of failure in perfect monocrystalline HAP
decrease with increasing temperature. The effect of strain rate was also studied, and it was
determined that stress and strain at the inception of failure increase as the applied strain rate is
increased.
The effect of V(Ca(II)2+)—2V(OH-) vacancy inclusion on failure strength was studied,
and it was found that the effect of vacancy inclusion and configuration varied with loading
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direction. Vacancy inclusion was found to be detrimental in all cases of tension and YZ shear.
Vacancies had a limited effect in XY and XZ shear.
The effect of porosity inclusion and pore size on failure strength was studied. It was
found that the inclusion of porosity was detrimental in all loading cases and that the relative
effect of porosity on strength was determined by pore placement and loading direction, with only
a limited temperature effect. The stochastic effects associated with pore placement were found to
increase with pore size in general.
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APPENDIX
SAMPLE LAMMPS INPUT FILE OF 44 ATOMS
LAMMPS 2005 data file for hap_unit_cell
# Population quantities
44 atoms
26 bonds
36 angles
0 dihedrals
0 impropers
5 atom types
2 bond types
1 angle types
# Simulation cell dimensions
0.000000000
0.000000000
0.000000000
-4.708500000

9.417000000 xlo xhi
8.155361227 ylo yhi
6.875000000 zlo zhi
0.000000000 0.000000000 xy xz yz

# Atomic masses(g/mol)
Masses
1 15.999400
2 40.080002
3 30.973801
4 15.999400
5 1.008000
# 2 types of Oxygen: Phosphate and Hydroxide
# LJ pair coefficients. First is energy well, second is VDW radius
Pair Coeffs
1
2
3
4

0.0699984928
0.1299984877
0.2800057201
0.0800014955

3.0290604000
2.9399690301
3.8308580628
3.2963200383

5 0.0000000000 0.0000000000
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# Covalent bond stiffnesses and initial lengths
Bond Coeffs
1 430.0
2 500.0

1.5700
0.9400

# Phosphate bond angular stiffness and initial angle
Angle Coeffs
1 125.0 109.4700
Atoms
### atom#
1
1
2 1
3 1
4 1
5 1
6 1
7 1
8 1
9 1
10 1
11 1
12 1
13 1
14 1
15 1
16 1
17 1
18 1
19 1
20 1
21 1
22 1
23 1
24 1
25 1
26 1
27 1
28 1
29 1
30 1

element#
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
1 -0.800000
2 1.500000
2 1.500000
2 1.500000
2 1.500000
2 1.500000
3 1.000000
1 -0.800000
1 -0.800000
2 1.500000
3 1.000000
1 -0.800000
1 -0.800000
2 1.500000
3 1.000000
1 -0.800000
1 -0.800000
2 1.500000
3 1.000000

atom type#
0.812216177
1.876337369
-2.688553546
3.896283823
2.832162631
7.397053546
3.896283823
2.832162631
7.397053546
0.812216177
1.876337369
-2.688553546
4.708500000
-0.000000000
0.000000000
4.708500000
-1.101412320
1.594015673
1.613602691
3.018619440
3.514283145
1.095856219
-0.244842075
0.876251738
-2.412870825
-2.689871892
-1.368760616
-3.894871179
5.809912320
3.114484327

charge xcoord ycoord zcoord
2.801366486 0.483312486
7.458077827 0.483312486
6.051278142 0.483312486
5.353994741 3.920812486
0.697283401 3.920812486
2.104083086 3.920812486
5.353994741 6.391687514
0.697283401 6.391687514
2.104083086 6.391687514
2.801366486 2.954187514
7.458077827 2.954187514
6.051278142 2.954187514
2.718453742 0.009900000
5.436907485 3.447400000
5.436907485 6.865100000
2.718453742 3.427600000
2.014863545 1.718750000
3.251216341 1.718750000
4.788012813 1.718750000
2.682298384 1.718750000
6.194078406 1.718750000
7.910211124 1.718750000
7.158775743 1.718750000
9.428413155 1.718750000
8.101780504 1.718750000
5.149294990 1.718750000
4.363933899 1.718750000
4.200010915 1.718750000
6.140497683 5.156250000
4.904144887 5.156250000
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31
32
33
34
35
36
37
38
39
40
41
42
43
44

1
1
1
1
1
1
1
1
1
1
1
1
1
1

1 -0.800000 3.094897309 3.367348414
1 -0.800000 1.689880560 5.473062843
2 1.500000 1.194216855 1.961282822
3 1.000000 3.612643781 0.245150104
1 -0.800000 4.953342075 0.996585485
1 -0.800000 3.832248262 -1.273051928
2 1.500000 7.121370825 0.053580723
3 1.000000 7.398371892 3.006066237
1 -0.800000 6.077260616 3.791427328
1 -0.800000 8.603371179 3.955350312
4 -1.100000 -0.000000000 0.000000000
4 -1.100000 0.000000000 0.000000000
5 0.200000 -0.000117823 0.000199318
5 0.200000 0.004191421 -0.007016886

Bonds
### Bond#
1 1
1
2 1 2
3 1 3
4 1 4
5 1 5
6 1 6
7 1 7
8 1 8
9 1 9
10 1 10
11 1 11
12 1 12
13 1 19
14 1 20
15 1 23
16 1 24
17 1 27
18 1 28
19 1 31
20 1 32
21 1 35
22 1 36
23 1 39
24 1 40
25 2 41
26 2 42

Bond Type#
18
22
26
30
34
38
30
34
38
18
22
26
18
18
22
22
26
26
30
30
34
34
38
38
43
44

Atom1

Atom2

5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.156250000
5.514437519
2.076937519
6.624437493
3.186907421
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Angles
### Angle# Angle Type# Atom1
1 1
1 18 10
2 1 1 18 19
3 1 1 18 20
4 1 10 18 19
5 1 10 18 20
6 1 19 18 20
7 1 2 22 11
8 1 2 22 23
9 1 2 22 24
10 1 11 22 23
11 1 11 22 24
12 1 23 22 24
13 1
3 26 12
14 1 3 26 27
15 1 3 26 28
16 1 12 26 27
17 1 12 26 28
18 1 27 26 28
19 1 4 30
7
20 1 4 30 31
21 1
4 30 32
22 1 7 30 31
23 1 7 30 32
24 1 31 30 32
25 1 5 34
8
26 1 5 34 35
27 1
5 34 36
28 1 8 34 35
29 1 8 34 36
30 1 35 34 36
31 1 6 38
9
32 1 6 38 39
33 1
6 38 40
34 1 9 38 39
35 1 9 38 40
36 1 39 38 40

Atom2

Atom3
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LAMMPS CODE FOR BULK MODULUS CALCULATION
#

Dimensions and Units

units real
dimension 3
boundary p p p
conditions
atom_style full
newton on
#

#Define periodic boundary

Unit Cell Generation

pair_style lj/cut/coul/long 9.5 9.5
pair_modify tail yes
bond_style
harmonic
angle_style harmonic
dihedral_style harmonic
improper_style harmonic
kspace_style ewald 0.0001

#Define pair style
#Include tail interactions

read_data hap_unit_cell.lammps05

#Read input file

replicate x x x

#Replicate geometry

region HAP block INF INF INF INF INF INF units box
group HAP region HAP
#
Dump and Output Commands
thermo 1000
thermo_style custom step vol pe temp press pxx pyy pzz
dump 1 all custom 20000 HAP.xyz id type xs ys zs
#
Minimization
minimize 0.0 1e-25 10000 10000
reset_timestep 0
timestep 0.5
#
Equilibration
velocity all create xxx 12345 mom yes rot no
#Define target temperature and assign
random atomic velocities
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fix 1 all shake 0.0001 20 10 b 2
saddle points
run 10000

#Shake fix to prevent hydrogens from occupying

unfix 1
fix 2 all temp/berendsen xxx xxx 10.0
relaxation
run 50000

#Define target temperature for
#Define relaxation time

unfix 2
#
Pressure Application
fix 3 all npt temp xxx xxx 100.0 aniso 1.0 1.0 70.0 drag 0.2 dilate all
NPT fix at 1 Bar and target temp
run 1500000

#Define initial
#Define run time

unfix 3
fix 4 all temp/berendsen xxx xxx 10.0
run 20000
unfix 4
fix 5 all npt temp xxx xxx 100 aniso 10000.0 10000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 5
fix 6 all temp/berendsen xxx xxx 10.0
run 20000
unfix 6
fix 7 all npt temp xxx xxx 100 aniso -10000.0 -10000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 7

147
fix 8 all temp/berendsen xxx xxx 10.0
run 20000
unfix 8
fix 9 all npt temp xxx xxx 100 aniso 15000.0 15000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 9
fix 10 all temp/berendsen xxx xxx 10.0
run 20000
unfix 10
fix 11 all npt temp xxx xxx 100 aniso -15000.0 -15000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 11
fix 12 all temp/berendsen xxx xxx 10.0
run 20000
unfix 12
fix 13 all npt temp xxx xxx 100 aniso 20000.0 20000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 13
fix 14 all temp/berendsen xxx xxx 10.0
run 20000
unfix 14
fix 15 all npt temp xxx xxx 100 aniso -20000.0 -20000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 15
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fix 16 all temp/berendsen xxx xxx 10.0
run 20000
unfix 16
fix 17 all npt temp xxx xxx 100 aniso 25000.0 25000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 17
fix 18 all temp/berendsen xxx xxx 10.0
run 20000
unfix 18
fix 19 all npt temp xxx xxx 100 aniso -25000.0 -25000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 19
fix 20 all temp/berendsen xxx xxx 10.0
run 20000
unfix 20
fix 21 all npt temp xxx xxx 100 aniso 30000.0 30000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 21
fix 22 all temp/berendsen xxx xxx 10.0
run 20000
unfix 22
fix 23 all npt temp xxx xxx 100 aniso -30000.0 -30000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 23
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fix 24 all temp/berendsen xxx xxx 10.0
run 20000
unfix 24
fix 25 all npt temp xxx xxx 100 aniso 35000.0 35000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 25
fix 26 all temp/berendsen xxx xxx 10.0
run 20000
unfix 26
fix 27 all npt temp xxx xxx 100 aniso -35000.0 -35000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 27
fix 28 all temp/berendsen xxx xxx 10.0
run 20000
unfix 28
fix 29 all npt temp xxx xxx 100 aniso 40000.0 40000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 29
fix 30 all temp/berendsen 10 10 10.0
run 20000
unfix 30
fix 31 all npt temp xxx xxx 100 aniso -40000.0 -40000.0 70.0 drag 0.2 dilate all
run 1000000
unfix 31
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LAMMPS CODE FOR TENSION/COMPRESSION
#

Dimensions and Units

units real
dimension 3
boundary p p p
conditions
atom_style full
newton on
#

FF Parameters (CVFF)

pair_style lj/cut/coul/long 9.5 9.5
pair_modify tail yes
bond_style
harmonic
angle_style harmonic
dihedral_style harmonic
improper_style harmonic
kspace_style ewald 0.0001
#

#Define periodic boundary

#Define pair style
#Include tail interactions

Unit Cell Generation

read_data hap_unit_cell.lammps05

#Read input file

replicate 10 10 10

#Replicate geometry

region HAP block INF INF INF INF INF INF units box
group HAP region HAP
region PORE sphere x y z r
group HAP region PORE
#
Dump and Output Commands
compute pe all pe/atom
compute stress all stress/atom NULL virial

#Define pore if creating porosity
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thermo 1000
thermo_style custom step lx ly lz vol pe temp press pxx pyy pzz
dump 1 all custom 1000 HAP_44000_1E10_X_10K.xyz id type x y z c_pe c_stress[1]
c_stress[2] c_stress[3] c_stress[4] c_stress[5] c_stress[6]
#
Minimization
minimize 0.0 1e-25 10000 10000
# Equilibration
reset_timestep 0
timestep 0.5
velocity all create xxx 12345 mom yes rot no
delete_atoms region PORE bond yes

#Define target temperature and assign
random atomic velocities
#Delete pore (if created) and remove
dangling bonds

fix 1 all npt temp xxx xxx 100 aniso 0 0 100 drag 0.2
relaxation

#Define target temperature for

# Run for at least 10 picosecond (assuming 1 fs timestep)
run 20000
unfix 1
# Store final cell length for strain calculations
variable tmp equal "lx"
variable L0 equal ${tmp}
print "Initial Length, L0: ${L0}"

#Define variable for strain

# Deformation
reset_timestep 0
#fix 2 all npt temp 10 10 1 z 0 0 1 y 0 0 1 drag .2 nreset 1.0
fix 2 all npt temp xxx xxx 100 z 0.0 0.0 100 y 0.0 0.0 100 drag 1
and fix undeformed sides at zero pressure
variable srate equal xxxxxx
variable srate1 equal "v_srate / 1.0e15"
ps
fix
3 all deform 1 x erate ${srate1} units box remap x

#Define target temperature
#Define strain rate
#Convert to strain per
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tension

#Make negative for compression, positive for

# Output strain and stress info to file
# for units real, pressure is in [atm] = 101.325 [kPa] = 1/9869 [GPa]
# p2, p3, p4 are in GPa
variable strain equal "(lx - v_L0)/v_L0"
variable p1 equal "v_strain"
variable p2 equal "-pxx/9869"
#Divide by constant to convert from
Bar to GPa
variable p3 equal "-pyy/9869"
variable p4 equal "-pzz/9869"
fix def1 all print 100 "${p1} ${p2} ${p3} ${p4}" file HAP_44000_1E10_X_10K.txt screen no
#Create output file with only variables computed
# Display thermo
thermo
1000
thermo_style custom step v_strain temp v_p2 v_p3 v_p4 pe press vol lx ly lz pxx pyy pzz
evdwl ecoul epair ebond eangle elong etail etotal enthalpy
#Define
Outputs
run
xxxxxx
deformation for
######################################
# SIMULATION DONE
print "All done"

#Define how many timesteps to run
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LAMMPS CODE FOR SHEAR
#

Dimensions and Units

units real

dimension 3

boundary p p p

atom_style full

#Define periodic boundary conditions

newton on

#

FF Parameters (CVFF)

pair_style lj/cut/coul/long 9.5 9.5
pair_modify tail yes
bond_style

angle_style

harmonic

#Define pair style

#Include tail interactions

harmonic

dihedral_style harmonic

improper_style harmonic

kspace_style ewald 0.0001

#

Unit Cell Generation

read_data hap_unit_cell.lammps05

#Read input file

replicate 10 10 10

#Replicate geometry

region HAP block INF INF INF INF INF INF units box
group HAP region HAP
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region PORE sphere x y z r

#Define pore if creating porosity

group HAP region PORE
#

Dump and Output Commands

compute pe all pe/atom

compute stress all stress/atom NULL virial
thermo 1000

thermo_style custom step lx ly lz xy vol pe temp press pxx pyy pzz
dump

1 all custom 1000 HAP_44000_1E10_XY_10K.xyz id type xs ys zs c_pe c_stress[1] c_stress[2]

#

Minimization

c_stress[3] c_stress[4] c_stress[5] c_stress[6]

minimize 0.0 1e-25 10000 10000

# Equilibration

reset_timestep 0
timestep 0.5

velocity all create xxx 12345 mom yes rot no #Define target temperature and assign random atomic
velocities

delete_atoms region PORE bond yes

#Delete pore (if created) and remove dangling bonds

fix 1 all npt temp xxx xxx 100 aniso 0 0 100 drag 0.2

#Define target temperature for relaxation

# Run for at least 10 picosecond (assuming 1 fs timestep)
run 20000
unfix 1
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# Deformation

reset_timestep 0
#fix

2 all npt temp 10 10 1 z 0 0 1 y 0 0 1 drag .2 nreset 1.0

fix 2 all npt temp xxx xxx 100 aniso 0 0 100 drag 1 flip yes

#Define target temperature and fix
undeformed sides at zero pressure

variable srate equal xxx

#Define strain rate

variable srate1 equal "v_srate / 1.0e15"
fix

#Convert to strain per ps

3 all deform 1 xy erate ${srate1} units box remap x

# Output strain and stress info to file

# for units real, pressure is in [atm] = 101.325 [kPa] = 1/9869 [GPa]
# p2, p3, p4 are in GPa

variable strain equal "(v_srate1*elapsed)"
#Define variable for strain

variable p1 equal "v_strain"

variable p2 equal "-pxx/9869"

#Divide by constant to convert from Bar to GPa

variable p3 equal "-pyy/9869"
variable p4 equal "-pzz/9869"

variable p5 equal "-pxy/9869"
variable p6 equal "-pyz/9869"

variable p7 equal "-pxz/9869"
fix def1 all print 100 "${p1} ${p2} ${p3} ${p4} ${p5} ${p6} ${p7}" file
HAP_44000_1E10_XY_10K.txt screen no

#Create output file with only variables computed
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# Display thermo
thermo 1000
thermo_style

custom step v_strain temp v_p2 v_p3 v_p4 pe press vol lx ly lz pxx pyy pzz evdwl ecoul

run

xxxxxx

epair ebond eangle elong etail etotal enthalpy

for

######################################
# SIMULATION DONE
print "All done"

#Define Outputs

#Define how many timesteps to run deformation

